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Carbon-13 CP/MAS NMR was used to study a selection of fifty-seven 
New Zealand coals and ten Australian coals. The coal rank varied frcm 
lignite to sdanthracite. A qualitative survey of the plant origins of 
NMR signals was followed by an EPR study of the unpaired spin-species in 
c d .  The quantitative reliability of the NMR response of d was 
analysed in relaxation and "visibilityn studies. Different approaches to 
the problan of accounting for intensity in spinning-sideband (SSB) signals 
were assessed. The most successful approach was found to be the-cunpLete 
canputer simulation of the spectrum fran canbinations of SSB intensity 
patterns broadened by a mixture of Lorentzian and Gaussian lineshapes. 
This mthod of analysis produced oxygen contents that show& a good 
correlation with oxygen contents (by difference) £ran ultimate analysis. 
The resultant carbon, hydrogen and oxygen functional group analyses allowed 
considerable insight into the depositional influences on, and alteration 
of, the coal structure with increasing degree of coalification. 
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Stylised reconstruction of a Nau Zealand forest-swamp. The etching 
s h m  a select ion of modern equivalents of plant  species that are thought 
to  have contributed to the d - f o r m i n g  peats i n  Cretaceous and Tertiary 
times (Table 2.1). 
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1.0 m D U Y I O N  
1.1 Coal Research 
"Ooal Research ... : it strives for knuwledge as w e l l  as for utilityn. 
D, W, Van Krevelen, 1981(l) 
Fossil fuels are the product of a small but continuous leak in the 
organic carbon cycle. Coal is the most heterogeneous of the fossil fuels 
having originated "in vast primevdL swamps, where the partial decay of dead 
trees and plants form& thick beds of the concentrated organic matter 
call& peatn (2 ) .  
The plant debris was covered, ccmpacted and chdcally altered over 
geological periods; ie the process of coalifidon occurred. 'Ihe 
variation observed in coal properties reflects; i) the nature and relative 
amounts of the original plant species; ii) the environmental conditions 
during deposition and, iii) the local geological influences such as 
tanperatme and depth of burial. 
Deposits of coal are distributed throughout the world and represent 
approximately 90% of New Zealand' S known resenres of fossil f uel(3 1. The 
canbustion process is still by far the largest consumer of coal producing 
energy for, for example, heating or for generating steam in industry or 
pawer stations. Howlever, the OPM: -oil w o e s  of 1973 provided the 
impetus for the dwel-t of alternative indigenous energy sources. A 
resurgence in interest in synthetic liquid fuels, often with coal as the 
feedstock, has taken place. With the new technologies came the demand for 
more understanding of fmckwntal coal properties and their influence on 
particular utilisation processes ( ) . 
This new attitude is epitanized in the principal research 
reanmendations of the 1981, Amrican Physical Society Group on Coal 
Utilization and Synthetic Fuel ~roduction( f ) . 
We remmend that presently available and developing techniques be 
applied to the determination of chemical structural features of coals, 
including hydr-tic and aranatic cluster configurations, functional 
groups and mlecular weight distributions." 
Of the ndeveloping techniquesn, high power nuclear magnetic resonance 
(WE?) was then seen as(61 and has ncrw becclme, an extremely useful tool in 
the study of coal structure, 
1.2 Solid State Carbon-13 NMR of Coal 
1.2;1 The NMEt Technique in the Solid State 
The theory of NMR is well doclarw~(7~~) . Liquid state NMR has 
beoome a routine analysis tool for many nuclei, in many areas of chemistry. 
However, the use of NMR to study the solid state has only recently of 
with the introduction of new techniques which have enabled the 
reoording of high resolution spectra. Prior to this era, the m spectra 
of, for example, carbon-13 nuclei in solids were characterised by broad 
featureless bands. The line broadening was caused by; i) the interaction 
between the spin of the carbon-13 nuclei with neighbouring odd spin nuclei, 
eg protons, 1~ (dipolar broadening): ii) the great range in the amount of 
shielding felt by a particular nuclei (chemical shift anisotropy) which is 
caused by orientational effects in a rigid solid. Both interactions are 
averaged in liquids so that a single resonance is observed at the average 
chenical shift. 
The revolutionary techniques were termed; i) "high-pawer dipolar 
demupling" which effectively "locksn the second spin interacting with the 
nuclei of interest and remrves the dipolar broadening; ii) "cross 
polarisation" (8) which causes a manifold enhancement of the NMR signal; 
iii) "magic-angle-spinning" (MAS which simulates the molecular mtion of 
liquids and thus averages the orientational origin of chemical shift 
anisotropy. The theory of the causes of line broadening, and mre detailed 
explanations of the effectiveness of the above techniques, are given in 
Chapter 3. 
Many organic canpounds have been studied since Schaefer et al(lO) 
first applied the techniques. NMR has enabled insight into the structures 
of ocmplex natural systans such as mcd, soil and coal. 
With the advent of high resolution CP/MAS NMR it became possible to 
directly observe the unaltered coal as a mnplete structure. This is in 
contrast to other techniques which study coal either as mlecular fragmnts 
separated by chemical means, or by studying the coal surface, or by 
measuring physical matrix praperties(l1) £ran which overall structural 
characteristics are inferred. 
In 1971 broadline carbon-13 NMR spectra of whole ooals(l2) were 
obtained but consisted of one featureless broad peak, The first high. 
resolution carbon-13 NMR studies of coal were performed five years later 
(with 8 only) by VanderHart and ~etcofsk~(l~) in 1976. The initial M 
spectra of coal samples obtained with C'P/MAS(~~ 1, showed bands narrowed 
sufficiently for separation into aramatic and aliphatic carbon signals. 
Thus, an W esthtion of aromaticity, fa, could be mde. The parameter 
fa is defined as the fraction of the total signal area that is contained in 
aramatic carbon signals, 
The early carbon-13 CP/MA!3 NMR spectra of coals were obtained using 
electrmgnet spectr-ters (15f16). The higher fields made possible by 
the intrduction of superconducting mgnets have greatly improved the 
sensitivity of carbon-13 NMR. The opportunity to campare NMR spectra of an 
Australian brown coal, obtained on the two types of spectraneter, is 
provided in the literature by Yoshida et al(17), who mrked at carbon-13 
fields of 1.4T, and by Ohtsuka et al(18) who used fields up to 7T (see 
Appendix 8.2). The resolution now provided by mmercial superconducting 
spectraneters has enabled the identification of far mre carbon 
functionalitties present in the coal structures. Hwever, the increased 
mgnitude of the NMR field results in greater chemical shift anisotropies. 
The frequency of the MAS must increase in proportion to the field strength 
in order to effectively rerraove the broadening influence. For example, at 
50.3 MHz the spinning rate necessary to suppress broadening effects would 
be 8.4 kHz(19). In practical terms, spinning rates no greater than (and 
usually much less than) 4 to 5 IcHz are routinely attainable(*O). h%en 
spinning frequencies are less than the chemical shift anisotropy, the 
centreband is flanked by rotational echo signals called 
"spinning-side-bands" (SSB) which occur at intervals that are multiples of 
the spinning frequency. (The theory behind these extra signals will be 
discussed in Chapter 3.) The amount of intensity distributed into these 
signals depends on the type of carbon functionality producing the signal 
and also upon the deficit between the spinning frequency and chemical shift 
anisotropy. Thus, the advantage in resolution gained by increasing the 
field strength is offset, in many cases, by the complication of SSB 
signals. 
Discussion 
Sweral points have arisen £ran the survey of 13c NMR studies of cwl 
contained in the literature; 
i . With few exceptions(18 f 21t 22 ) , the published NMR spectra were obtained 
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at low 1% fields (15 to 25 ME32 1. *us, the increased resolution afforded 
by high field spectruneters has not been utilised. m e  presence of SSB 
signals in spectra obtained at higher fields has presumably deterred many 
workers. 
ii. Most of the studies have concentrated on samples of higher rank coals 
£ran the northern hemisphere. These d s  have depositional and 
coalification histories that are very different £ran those of New 
Zealand coals. Australian d s  have been investigated mre 
recently(23-26). No New Zealand coals have been studied by NMR 
despite the fact that these coals have many unusual characteristics. 
For example, "Tertiary c d s  of bituminous rank are not mnn(27) 
but: are found in large quantities on the West Coast of New Zealand. 
iii. In general, NMR has only been anp10yed as a qualitative or, at best, 
semi-quantitative analytical technique, mere is a large munt of 
functional group information oontained in the NMR spectra which would 
prove valuable if it could be retrieved. 
With these points in mind, an NMR study of Australasian coals was 
I designed with the follawing aims; 
l i. To study a selection of coals that span the range of rank (lignite to 
semianthracite) that is found in New Zealand. To include several 
Australian d s  - enabling a camparison of the New Zealand coals with 
others of southern hanisphere origin. 
ii. To perform a qualitative survey of the terrestrial plant origin of the 
signals observed in the NMR spectra. 
iii. assess the reliability of the NMR response with respect to 
quantitative analysis of the spectra. 
iv. To assess current techniques for accounting for the intensity 
distributed into SSB signals. 
v. To dwelop the mst pranising technique into a quantitative analysis 
of the signal intensity observed in the NMR spectra of coals. 
vi. To characterise Australasian coals using the full functional group 
analyses that result £ran the quantitative deconvolution of the NMR 
spectra of coals. 
The structure of the thesis follm these aims in a logical manner. 
The second and third chapters include general introductions to coal and 
solid state NMR, respectively. The fourth chapter outlines the sample 
origins and main experimental details. Chapter 5 contains a study of 
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signal assignments and origins, and a qualitative survey of the changes in 
the spectra with the increasing degree of coalification of the sample. 
Chapters 6, 7 and 8 mntain the assessnent of the quantitative reliability 
of the NMR response of coal. lhey include EPR, NMEt relaxation and 
"visibility" studies, respectively. me survey of the different approaches 
to the SSB problan, and the dwelopnent of a quantitative analysis mthod, 
are outlined in Chapter 9. Chapter 10 contains the structural 
characterisation of f ifty-swen New Zealand and ten Australian coals based 
on carbon, hydrogen and oxygen functional group analyses. 
The second part of the thesis contains the lists of data generated 
fran the study. Publications and reports that have arisen fran this 
research are contained in Appendix 8. 
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2.0 COAL ORIGIN AND CLASSIFICATION 
In order to study the chemical nature of coal it is necessary to gain 
an understanding of the processes involved in its formation and influences 
on its evolution. 
2.1 Formation of Coal 
2.1.1. Deposition 
Coals are organic sedimentaq rocks f o d  by the metamrphosis of 
plant rmains which a c d t e d  in peat swamps d e r  conditions that 
inhibited decay. The properties of mals reflect the nature of the 
original plant mterial and the conditions prevailing at the onset and 
during malification. 
The origins and dwelopnent of peat swamps are controlled by a great 
number of interdependent factors including the following (1): 
i. the type and variety of flora; eg whether forest or reed (or a mixture 
of both) plant camrmnities dQninated the contributing plantmtter; 
i i . the nrode of deposition ; ie whether the plant debris formed the peat in 
situ (autochthonous) or was transported £ram the original site to the 
peat swamp (allochthonous) ; -., 
iii. the climate during deposition; eg the warmer the climate, the more 
tropical the plant species and the mare lush the growth - but also the 
greater the rate of decanposition; 
iv. the type of swamp; ie whether the enviromt was terrestrial 
(-tic), fresh water lake (limnic) , brackish or marine (paralic) ; 
v. the behaviour of the water table. If the water table rose faster than 
the peat accumulated then the peat swamp was drowned. If the water 
table dropped then the surface of the peat rotted; 
vi. the nutrient and sulphur supply, the acidity (pH) and redox potential 
(Eh) , all of which in£ luenced, to a lesser or greater extent, the 
plant spekies and the bacterial activity. 
These factors are called "coal faciesw and, together with the 
geological setting, wentually determine the structural and chemical 
characteristics of the coal. TeicWler and Teic~er(l) have 
described these coal facies in great detail but generally this, and other 
docmentation(2), centre the discussion on the evolution of the 
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Carboniferous coals of Europe and North America and the Gondwana coals of 
Australia, India and South Africa. These coals originated in the Permian 
to Mesozoic periods; ie were formed as long as 300 million years ago. Most 
New Zealand coals are of late Cretaceous or Tertiary age(3), with the 
exception of a few thin seaas of coal in Jurassic rocks in s o ~ t h l m d ( ~ ) .  
The presence of Pleistocene lignites at North Kaipara and the peat swanps 
of Waikato, Southland and the Chatham 1slands(5) suggests that the 
"geological conditions that allowed oxl formation, continue to the present 
The young age of the New Zealand d s  (70 m.y.a. 1 infers that 
many of the coal facies at mrk during formation of the older coals of the 
world were aanpletely altered by the late Cretaceous and Tertiary times. 
The following discussion outlines the knawledqe of the depositional 
environments of Australasian coals. 
2.1.1.1 New Zealand Coals - Geologicdl Settinp 
The main coal regions of New Zea~and(5) are shown in Figure 2.1. 
The coals of the m jor coalfields range in age fran late Cretaceous 
(early Senonian) to Miocene. It is thought that the New Zealand landmass 
reached its maximum size in the early Cretaceous(6). By the late 
Cretaceous most of this land had becoane l w  lying. Two processes evolved 
during this time which hindered the rlver transport of sediment to the sea 
and resulted in "extensive terrestrial sedimentation" ( 4  ) . Firstly, the 
onset of the general marine transgression gradually raised the river base 
levels and caused large coastal flats. Peat swamps developed where 
sediment supply and plant growth favourably balanced the water level(7). 
Secondly, the dawnwarping of sane inland areas all- the local formation 
of very thick coal measures such as those in the Westland coal region. 
Thus, New Zealand coal fields originated as either extensive coastal, or 
shallow inland lake swamplands. 
The majority of coal measures were gradually buried under marine 
sediments as the marine transgression mntinued through the late Cretaceous 
and early Tertiary. Most of NEW Zealand was covered by the sea by the 
mid4ligocene, except for parts of Central Otago and the "low median ridge 
where the present Southern Alps aren ( 4  ) found, The New Zealand landmass 
re-emrged during the late Oligocene and Miocene and new areas of 
sedimentation developed. 
Figure 2.1: Coal Rqions  of New Zealand. Approximate positions of deposits 
also narked. 
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New Zealand's coal measures are found in two main stratigraphic 
positions, due to the mine transgression then later regression: 
"1. Resting on old baserrwt rocks and overlain by (at places 
interfingering with) marine sediments; or 
2. Close above marine beds near the base of succeeding freshwter beds." 
R. P. Suggate, 1959(4) 
The coal measures have diverse and q l e x  structural characteristics 
because of the great variety in sedhtation trends and geological 
histories. Sherwood and suggate(5) recently published stratigraphic and 
structural srnmaries of the New Zealand coal regions. 
2.1.1.2. New Zealand Coals - Climate and Veqetation 
"Palynologicdl data fran Australia and New Zealand show marked 
vegetational changes throughout the late Cretaceous and Ceaozoic in 
response to clbtic changes, fluctuations of the Antarctic ice cap, 
drifting of the continents and, to a lesser extent, tectonic activity." 
D. C. Mildenhall, 1980(6) 
These vegetational changes occurred throughout the main periods of 
coal deposition. It is therefore likely - that great variability occurred in 
the plant canposition of the pats of different ages, different localities, 
and wen between the base and top of large swamps. 
Mildenhall(6) has described the history of New Zdand's vegetation. 
The follawing is a sumnary of the min climatic changes and ddnant 
vegetation between the late Cretaceous and Miocene (Table 2.1). 
i. Late Cretaceous - New Zealand and Australia split apart fran 
Antarctica. The New Zedland landmass m e d  to a position between 68OS and 
78"s (C.£. present day latitude 36's-46OS). The relatively l w  
t-atures and high rainfd was reflected in temperate vegetation, 
particularly podecarps and ferns, throughout New Zdand and Australia. 
The rapid evolution of angiosperms (eg beech species) also occurred at the 
end of the Cretaceous. 
ii. P a l m e  - New Zealand and Australia m e d  north fran ~ntarei~a and 
New Zealand separated £ran ~ustralia. This early isolation resulted in the 
dweloprrent of a great munt of endemic terrestrial flora. 
TABLE 2.1 
* 
FAMILY c;aruS HABITAT ~ n m m ~ p m i ~ t m z  KmRNlzUUWU 
1. GymPsperms (Conifers) 
Araucariaceae Mathis lawland fores t  Hesozoic A. aus t r a l i s  Kauri 
Podocarpaceae Podoearpls (m m z o i c  p. totora lbtnra 
£ores t ) P. ferrugineus Miro 
P. dac ryd iodd  Kahikatea 
Dacrydim Forest Qqer Cretacems D. cupressinun R h  
Phyllocladus Fbrest m b x n e  P. trichmmmides Celery Pine 
o r  Emdaha 
2. Angiospernrs - Dicotyledons 
Fagaceae (beech) Nortfiofagus Porest Cretaceous N. fusca Red Beech 
N. truncata ~ard~eech 
N. menziesii Silver Beech 
Qeuarhceae ( ~ s u a r i n a ~  0 m s t a l f o r e s t C  Weocene C. equisetifoliad She-oak 
W== fieptaspernnm Widespread P a l m e  L. scopariun Manuka 
Metrosideros mrest P a l m e  M. robusta Nthn. Rata 
3. ~ n g i o s p e k m  - Monocotyledans 
Agava-e Phormim Swamps/open areas Upper Ebcene (7) P. tenax NZ Flax 
Cyperaceae (sedges) NUIEL-OUS eg Widespread Oligocnee 
aanp ar- 
Carex C. lurida Sallow sedge 
Q'Pm C. rotundus Nut Grass 
Liliaceae (lilies ) N e r o u s  eg Widespread '-PP=='== 
Astelia A. t r inervia  Kaur i  Grass 
Sprganiaceae m g a m i u n  W e t  areas Oligocene W r i  Burr- 
-. R& o r  Maru 
4. Spteriaophytes (ferns and fern allies ) 
Cyatheaceae CVathea mrest, lowland Mesowic C. m e d U i s  Eilamaku or 
(tree ferns) to sub a pine Black Tree 
F-sn 
5. BqWhytes ~aPssesl 
Shagrm-e SPhaWun Widespread damp Iate Cretaceous S. Critatm s p h a m  
areas (acid tqs) nnss 
(a) dacrydicdes = 'resembling m m w  
(b) extinct taxa 
( C )  Merrill "Plant Life of the Pacific World* 1945 
(d) Not a New Zealand native 
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iii. Eocene - "The Ebcene was a time of widespread change in the vegetation 
patteens of Australia and Nnu zedlandn(6) due, in part, to the increasing 
distance between Australia and Antarctica. The climate became tanperate 
but still humid. The beeches were the daninant vegetation; firstly 
Nothofaqus fusca but then, with the cooling at the end of the Eocene, 
Northofagus brassi. Many tropical and subtropical taxa d i s a ~ e d .  
iv. Oligocene - At the end of the Eocene and early Oligocene, New Zealand 
migrated northwards to between 41"s and 52's and eventually to 35's by the 
late Oligocene (about present day position). The Australian landmass mved 
further £ran Antarctica resulting in an increased influence of westerly 
winds on New Zealand. A great increase in new temperate plant forms 
occurred in the late Oligocene, although beeches and podocarps were still 
praninant within "high-diversity assemblagesn . At this stage, a 
differentiation was noticeable between a) South Island and North Island 
plant assemblages, with less diversity in species in the latter, which may 
indicate a change in paleoenvironment; b) between the southern and northern 
districts of the South Island, with the former "daninated by lake and swamp 
pollenn, but the latter were "often coastal or near coastal and reflect 
dense, humid, lowland forest settingsn. 
v. Miocene - The New Zealand landmass was positioned between 33's and 
53O~ and the plant assemblages were again dominated by the "brassi" beech. 
"In the south of the South Island and the north of the North Island, flat 
low-lying swamp areas were m n  in which sparganim was abundant". 
Taprate genera were mre plentiful in the southern region. 
The climate was much colder in the late ~iocene with a resultant 
change in vegetation. The "£uscan beech and pod- were as praninent as 
the "brassi" beech; herbaceous species and many new taxa had developed. 
These dinations of climatic changes and evolutionary trends in 
New Zealand flora f m  the late Cretaceous to the Miocene would have 
greatly influenced the plant ccmrmnities of coal forming swamps. 
Within each of the regions shown in Figure 2.1, several different 
coalfields are defined and detailed geological analyses have been published 
as Bulletins and Reports of the New Zealand Geological Su~vey (NZGS). With 
the exception of the Canterbury and Northland areas, samples £ran all rodl 
regions (and mst coalfields) have been included in this study. 
2.1.1-3 New Zealand Coal Reqions 
i. The Waikato Region - The Waikato ccral measures form part of the 
Te Kuiti group of Tertiary strata and are of Upper Eocene age(9). The 
lawer Waikato coal measures contain m major c& seams, namely the 
Taupiri Upper and Lcwer seams. The Vpper -to coal masures include the 
Kupakupa seam and, above that, the Renm seam which merges in places with 
the Kupakupa seam(8). A seam above the Waikato coal measures, the Kanps 
Seam, is fully developed in the lower region of Waikato, All the coal 
measures lie on Mesozoic basenent rocks and are overlain by a succession of 
marine strata of Oligocene age. 
The Waikato coal measures are thought to have been deposited in a 
ntr~ughn(9) or wide valley made up of a series of semi-detached basins. 
This valley m d e d  f ran north of the Mar- coalfield (Figure 2.2 to 
south of the Kawhia coalfield. It was centred in the nRotawaro Deepn where 
the ooal measures are thickest (900 feet). Several of the aodL seams are 
spread over very large areas and must represent very thick, laterally 
persistent, original peats. Different rates of river water-table rise have 
resulted in alternating seams of ad and mudstones. 
The plant microfossils of the Lawer Waikato mal mures are 
daninated firstly, by Haloraqacidites harrisii, which is related to 
Casuarina (see references (11) and (17) with respect to alternative names), 
and smndly, to a lesser extent, by the m y  cxrnifer species. In 
contrast, the upper coal measures contain abundant Northofagus (beech) 
specimens and fewer conif er species (10 ) . 
The Kupakupa seam is the predaninant seam mined in the Waikato c d  
region although other seams may also be included, Fbr example, the Taupiri 
seams are exposed in the Rotmaro coalfield while the Kemps seam, which 
bears a strong marine influence, becanes important in the Kawhia and 
Tihiroa &fields(8). It is the only seam present in the Whatawhat. 
coal£ ield. 
ii. The Taranaki Region - The Taranaki coal region contains several mal  
measures. By far the mst important are the Maryville coal measures which 
form part of the Miocene Mokau group. The Maryville oodl measures are 
unusual in that they are both underlain and overlain by mine 
sediments (U ) . This implies that the peat swamps formed bebeen marine 
regression and transgression. It is likely that peat deposition occurred 
Figure 2.2: Waikato coalfields. 
i n  "extensive coastal swamps separated f ran  an open marine shore by a 
barrier systemn(l l) .  The higher sulphur o n t e n t s  of a d s  at  the  seam 
bases r e f l ec t  t h e  decreasing paralic influence on the peat as the  marine 
regression ocmrred(l1). There is also evidence f o r  an increasing marine 
influence to the west of the  Taranaki region. 
couper(12) examined the  plant  assemblages of three coal samples f r a n  
t h e  Mokau coal f ie ld  and found t h e  f lo ras  to be d-nated by beech species. 
The Mokau and the  Waitewhena coalf ields contain most of the regions 
c ~ a l  resources(8). 
iii. The Westland Region - The Westland coal region includes m y  
coalf ields but mst of the  wrk ing  mines are grouped in to  three =in areas; 
G r e p u t h ,  Buller and Reefton (Figure 2.3 . 
a. The Greymouth area - The Paparoa m1 measures are divided in to  m 
(Jay and Morgan seams), Middle [Rewanui seams) and Vpper (Dunollie 
seams 1 coal horizons. The Brunner ooal measures (Brunner seam) are 
above the Paparoa coal measures, The Paparoa masures range i n  age 
f ran the  late Cretaceous (early Senonian 1 , through to a Paleocene age 
i n  the upper-most Dunollie coal seams(l5). The E3mmer W measures 
a r e  of W e n e  age(14). I 
The geology and depositional environment of these coal nreasures have 
been described i n  d e t a i l  by ~ a c ~ e ( l ~ ) .  The coals i n  the  Lmer and 
M i d d l e  Paparoa groups are believed to have accumulated during 
transgressions or regressions of lake waters. The m s t l y  t h i n  
Dunollie seams, of the Uppr Paparm measures, suggest t h a t  t h e  
environrmt was terrestrial and accumulation of debris was slw. The 
Brunner coal was accumulated i n  "brackish swamps between law-lying 
land and salt-water lagoonsn(14), which are l ike ly  to have supported 
d i f ferent  vegetation £ran the  underlying Paparoa mal measures. 
"The Paparoa coal measures are sane of t h e  oldest  sediments which 
contain ang iospem i n  New ~ealand"(l5). ~ a i n e ( l ~ )  has recently 
defined bio-stratigraphic units, labelled acclording to the daminant 
plant microfossil, f o r  t h e  West Coast which incorporate the Paparoa 
and Brunner coal masures. The f o m r  are included i n  t h e  
"Phyllocladites mawsonii " assemblage (PM i n  which podocarpaceous 
Figure 2.3: Westland coalf id* 
pollen are abundant. The "diversity and abundance of angiosperm 
pollenn increases through the three PM zones(l6). !the Brunner coal 
measures are included in a separate unit characterised by the 
abundance of "Myricipites harrisiin (MH) (synonymous with 
Haloragacidites harrisii 1 and wann-clhte taxa. In oontrast to the 
PM zones, the pollen of gymnosperms are u n m n .  
The Buller area - The coal seams mined in the Buller area form part of 
the "l3rumer coal measuresn which overlie basement rocks 
(d. Greymuth region) and are of Mcene age; ie of the same period as 
the Bnuvler coal measures of the Grqmmth area(19). However, the 
coal is considered to be -entirely of fresh-water originn(18). It 
exhibits camplex splitting, with sandstone and mudstone, due to the 
local deposition of sediment by anall streams on the deltaic 
envir&ent of a shallow lake. In places the coals have very low ash 
contents (less than 0.5%) which is thought to represent the formation 
of raised bogs (17 ) . 
The Erunner coal measures are werlain by originally very thick, 
"micaceousn marine siltstones, mudstones and sandy layers which make 
up the Kaiat. orm mat ion(^^). The distance betwen the coal seams and 
the overlying mine s e d k t  appears to control the amount of sulphur 
-. 
(organic) in the coal. 
The Reefton area - The coal. mined in the Reefton district is fran the 
"Quartzose coal. msuresn which are of Eiocene age(19) and overlie 
basal conglanerate. Varying amounts of sandstone, siltstone and 
mudstone are included in the coal measures. The luwer part of the 
Quartzose coal measures, which includes the coal seams, are fresh- 
water beds. The upper layers are interbedded with marine beds 
suggesting that the advance of the marine transgression m s  not 
uniform. 
The plant microfossils of the Quartzose caal measures were studied by 
D. R. ~c~ueen(l~). He concluded that the coal forming vegetation 
consisted of Cyperaceae, Liliaceae and Myrtaceae w i t h  sane 
Podocarpaceae contribution. 
iv. The Southland ~egion - The Southland axd region contains t w u  quite 
separate coal areas; the codl measures of the Ohai field and the eastern 
Southland lignite fields (Figure 2.4 1 . 
a. Ohai Coalfield - Coal is mined f ran t m  groups of measures; the Ohai 
G r o u p  and the ~ightcaps ~rou~(~*). Ihe Ohai Group of late Cretaceous 
sequences includes the Waimio coal measures and the Morley coal 
measures. me ~ightcaps Group is of Bxene age and contains the 
Beamnt coal measures. 
The deposition of coal measure sediment in the late Cretaceous 
initially involved a relatively short phase resulting in the thin seam 
of the Waimio coal measures, These measures were overlain by sand, 
silt and mud(*O), 
. The fomtion of the many seams in the Wrley coal measures is thought 
to have been caused by periodic but brief flooding of "poorly drained, 
predaninantly forest swampsn (21). The seams of- the Morley coal 
measures have been divided into three paleo-botanical zones labelled 
according to the daminant flora; nPodocarpidites cf. ellipticus" 
(lawer zone), "dacrydiumitesn (middle zone) and "podoearpidites 
- marwicki (upper zone ) (20 ) . 
-. 
Another perid of sedimentation occurred in the middle to upper 
m e .  Locdlly thick peat developed on lake fringing swamps. The 
peat was frequently f looded(21) and eventually covered by the marine 
m u d s  and clays of the marine transgression, forming the Beaumnt d 
measures. ~ouper(~0) has also defined two floral zones, both 
daninated by beeches, for the Beamnt coal nreasures; the lower 
Northofagus flgningii zone and the upper Northofagus mtauraensis 
zone. Evidence for Sphagnum and the pollen of Cyperaceae and other 
herbaceous plants, are also comrron in both sets of coal nreasures(20). 
b. Eastern Southland Lignite Fields - The Southland lignite deposits are 
found in the Gore lignite measures which were deposited in the upper 
Oligocene to early ~iocene(~2) in a "prograding deltaic to flwiatile 
sequencen (23) . Estuarine (POmahaka) and marine (Chatton) formations 
are occasionally found at the base of the measures. A delta plain 
formed, as the mrine regression continued, upon which peat swamps 
* 
Ohai 
Figure 2.4: Southland coalfields. 
developed over large areas. The deposits were eventually overlain by 
f lwial sedhts. Thus, the Gore lignite maasures generally follow 
the sequence; "a l m r  sand daninated unit in places including thin 
discontinuous lignite seams, a middle intenml w i t h  tm to five 
significant laterally persistent seams, and an upper unit with little 
lignite, duninated by gravels, sands and thick intervening mud 
stonesn(23 ) . 
Pocknall and ~ildenhall(~3) have divided the Gore lignite mures  
into spore-pollen zones. The lignite seams are included in two zones 
which are dominated by beech species and Haloragacidites harrisii. 
v. Otago Coal  Region - The Otago oodl region can also be divided into t w o  
areas; the ooastal Kaitangata &field and the Central Otago lignite 
fields (Figure 2.5). 
a. Kaitangata Coalfield - The Kaitangata coal deposits include many d 
horizons that are part of the Taratu formation of late Cretaceous 
age(24). The numerous seams are thought to have been fonned as a 
"series of peat swamps and coalescing flood-plain deposits in a 
structural depressionn(*4). The scarp of the Castle Hill fault caused 
the formation of a flood plain which mrged with estuarine and mine 
-3 
beds. Streams periodidly deposited conglanerate , either in 
restricted areas causing local seam splitting or, over the entire area 
forming at least eighteen coal horizons in the Taratu fonmtion. With 
"progressive subsidence of the region . . . the shoreline migrated 
westwardsn(24) depositing the marine sediments of the Wangaloa 
formation. 
b. Central Otago Lignites - The Central Otago lignites are contained 
within the Miocene Manuherika Group - a "thick widespread - unit of 
fluviatile, lacustrine and swamp depsitsn(25). One major group of 
seam is, in general, mined throughout the area with mudstone partings 
between splits and thinner seams. 'Ihe seams overlie either fluviatile 
gravels and sands or lie directly on the basement rock. Tbe 
Manuherikia strata overlying the lignite consists preddnantly of 
silty mudstones (24 ) . 
couper(12) canpared the abundance of three groups of flora 
(Northofagus brassi, Northofaqus fusca and EbdoCWF~eae) in the 
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Figure 2.5: Otago coalfields. 
"Central OtagoR and "Mataura" (Southland) lignites. He showed that all 
three were m n  in the younger Central Otago lignites but that the 
"brassiR beeches daninated ( m s t  to the exclusion of the other 
groups ) the older "Mtauran lignite assenblages . 
vi. Sumnary - In 1952, Suggate and c~uper(~~) defined three broad 
groupings of New Zealand coal measures divided by two widespread geological 
events; i) the "deveiopnent of a peneplain during middle and upper 
Cretaceous t h "  and ii) the deposition of large amounts of sediment 
associated with the marine transgression which culminated in the lower 
Oligocene. Thus, the three groups are classed as the lamr 
( pre-peneplanation) , Middle ( post-peneplanation and pre-marine and Upper 
(post+na.rine) coal ~lleasures. 
The coal measures have been allocated to periods mainly on plant 
microfossil evidence. Figure 2.6 has been adapted £ran the mrk of 
Suggate and Couper to include coal measures that have since been 
paleobotanically studied and assigned an age, 
2.1.1.4 Australian Coal Regions 
The Australian coals included in this report include Victorian brawn 
&S and "Blackn coals fran New South Wales and Central Queensland 
- 
(Figure 2.7). 
i. Victorian Brawn Cods - The Victorian brown d s  form part of the 
Latrobe Valley coal measures ( Figure 2.8 ) ( 27 ) . FoUowing the peneplanation 
in Victoria, in the late Cretaceous, a period of uplift omurred in the 
lower Tertiary. The Latrobe Valley Depression formed upon which deposition 
began. The oldest sediments, the Childers formation, includes sane bmwn 
coal but remnants of lava flaws £ran a volcanic epoch overlie and interbed 
with this formation ( 28 1. The r-ining masures are divided into three 
units based on their coal. seams. The oldest, the Traralgon group, contains 
the Traralgon Seam which is mainly developed in the Ry Yang - Gomandale 
area where it is up to 200 fset thick. m e  Morwell Group is a "crmplex 
system of thick coal seams and interbedded clays and sands"(27). In the 
Yallourn - Morwell area, the group directly overlies the volcanic 
sediments. The Yallourn seam in the Yalloum Group is the youngest in the 
Latrobe Valley and is separated £ran the Morwell Group by clays and sands. 
The thick and laterally persistent coal seams of the Latrobe Valley 
Coa l  measures represent very large peat s-s. Deposition must have 
Fiqure 2.6: Classification of the coal measures into three groups based on 
two widespread geological events; i) the period of peneplanation and ii) 
the marine transgression. 
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Figure 2.8: Maps of the Latrobe va l ley  sharing a) the general locat ion and 
b)  the mine and d r i l l h o l e  locations.  
occurred over an extensive period. It is thouqht that the Traralgon Group 
is of Eiocene age while the Yallourn Group may be as young as mid- 
Miocene (27 ). 
Paleobotanical studies have shown "that conifers £0- the greater 
part of the plant mterial and, in particular, the wood, f ran which the 
brawn 4 s  were deri~ed"(~7). The conifers included Aqathis, Araucaria, 
Dacrydiun and Podocarpus. Plant rmains of Casuarina and Northofagus have 
also been identified( 27 ) . 
ii. Black Coals - Sweral of the fields mining black aoal in Eastern 
Australia are shown in Figures 2.9 and 2.10. 
a. New South Wales Region - The black a d  is contained in the sediments 
of the Sydney basin which developed in the Permian era(29) and is 
described in detail in a recent New South Wales Geological 
Bulletin(30 ) . The "Greta Depositional Episoden (3O ) initially involved 
marine and volcanic sedimentation. In the latter period of this 
deposition, a thick terrestrial sediment wedge (the Greta Coal 
Measures) emerged and penetrated south-westwards into the northern 
Sydney Basin(30 ) forming a "flwio4eltaicn plain. A marine 
transgression followed and the widespread inundation of the low lying 
basin formed the "Upper Marine Seriesn(28) of sediments. The 
withdrawal of the sea at the close of the permian marked the change 
fran marine to fresh-water sedimentation. Large deltaic plains 
developed and the deposition of the Coal Measuresw occurred. 
Two "distinct depositional sub-basinsn(30) developed in the north and 
north-west. The resultant luwer and upper coal measures are termed 
the Tanago and Newcastle C m l  Measures, in the mfth, and the 
Wittingham and Wollanbi Coal Measures, in the northwest. Both are 
split by the sediments of rapid marine transgressions and regressions. 
Estuarine and intertidal enviromts persisted in the southern Sydney 
Basin and the corresponding deposits are called the Illawarra Coal 
Measures. 
Coal measure deposition was halted when the "Late Permian Illawarra 
-Newcastle Coal Measures were transgressed by estuarine conditions 
over wide areas"(30). The age of these Australian coal measures 
indicates that the vegetation fran which it is derived would have been 
far mre primitive than that of the ~ustralasian Cretaceous and 
New South Wales 
Figure 2.9: Locations of mines fran which New South Wales black codl 




Figure 2.10: Iazations from which Queensland black coal samples were 
obtained. 
Tertiary coals, The P d a n  t b  was a period of warming after the 
freezing temperatures of the Late Carboniferous. The cc~stal peat 
swamps, that produced the Luwer (Greta) Codl Measures, sustained 
shrubs, such as the pteridosperm (seed fern) Botrychiopsis, and saw 
trees, such as Gangamopteris, which had aquatically adapted 
By the late Permian, the fresh-water swamp forest camunities were 
daninated by Glossopteris; a "woody gymnospermus tree with 
pteridospermms a£finitiesn(56), (Upper Codl Measures). It was not 
until after these coal neasures m e  inundated (Triassic) that 
conifers became abundant. 
b. The Queensland Region - The largest coal reserves in Queensland are 
located in the Bowen Basin sediments which developed in the Lower 
Pennian as a series of trouqhs(31). The oldest (but minor) 4 
measures were deposited in a number of separate areas prior to a 
basin-wide marine transgres'sion. Coal measures formed only "near the 
margins, in deltas or during regressive and transgressive 
periods"(31); eg the Collinmille Coal Measures. The Blair Athol 
coals are thought to be of about the same age but to have been 
deposited in an isolated basin adjacent to the gnren ~asin(3l). 
Another major marine transgression terminated this period of coal 
formation and the basin became hlfiolly marine until regression once 
again initiated mal  deposition. These sediments contain a great 
anrount of volcanic mterial. The "depositional environment became 
wholly fluviatile and lacustrine with extensive coal swrnpaW(31) upn 
canpletion of this regressive phase. The resultant coal nreasure 
formations contain sane very thick units including the Baralaba Coal 
Measures (215 to 300 metres). 
Coal swamp conditions were terminated abruptly in the Triassic period, 
probably due to "regional changes in both depositiod and climatic 
conditions (31). It can be seen that these coal measures are of 
equivalent age and depositional environment to the black coals of New 
South Wales (Figure 2.11 . Fossil plants including Glossopteris and 
Ganqamopteris have been found in adjacent sediments ( 28 ) . These 
deciduous Permian flora are now extinct ta~a(~~). 
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2.1.2 Chemical Oriqins 
The precursor of coal, the peat, is not a simple chemical canpaund 
but consists of a myriad of ccmplex organic structures derived £ran the 
different parts of plants and their decanposition products. Not all peats 
have the same canbination of vegetable structures, Factors that influence 
the peat character include the relative proportions of higher to lower 
plants and the lwel of degradation (eg bacterial activity). It is only 
under special conditions, such as those that exist in peat swamps, that the 
fundamental biochemical cycles (Calvin, Krebs) are joined by the 
hdfication process. 
2.1-2.1 Chemical clanponents of plants 
Plant caTtponents are not equaJ.1~ stable in the peat environmnt but 
most will contribute, in sarre form, to the chemical matrix of the d. 
i. Carbohydrates - The class of canponents called carbohydrates include 
simple sugars, starches and celluloses. Sintple sugars, such as glucose, 
fructose and sucrose (Figure 2.12a), are constituents of many fruits and 
vegetables. Starches are the storage form of carbohydrates in plants. 
Cellulose is the main supporting structure of trees and plants being the 
main constituent of the cell wall(2). -. For example, the strength of mod is 
derived principally £ran hydrogen-bonds between one cellulose chain and 
hydroxy groups of neighbouring chains. Wood consists of up to 60% 
cellulose(32), whereas algae contain very little of this canplex sugar. 
Other carbohydrate derivatives occurring in nature include pectin, 
which is a constituent of plant saps and f ibres(l) and alginic acid(32 1, 
which is a major clanponent of sane algae (Figure 2.12bI.Also m n  are 
polymers of five &red ring sugars, such as arabinose and xylose, which 
form the pentosans or plant gums. Ribose and deoxyribose are constituents 
of the nucleic acids, RNA and m, the essential canponents of the 
cytoplasm and nuclei of cells (Figure 2.12~). 
ii. Proteins and other nitrogen cmpounds - Proteins are polynrers of a 
series of amino acids, which vary greatly in canposition, but d w a p  
contain the basic/acidic funtionality which forms the peptide bond: 
iii 
~ i ~ u r e  2.12: m n  plant  carbohydrates. a) Glucose ( i 1, starch ( ii , and 
cellulose ( i i j .1 ,  b) pec t in  (i) and a lg in i c  acid  (ii), c) x~lose (i) and 
~ 
ribse (ii). 
The mjority of the R-functionalities are Aliphatic ampounds but sane 
contain more ccrrrplicated groups. Examples of larger amino acids are shown 
in Figure 2.13a. Insoluble proteins are readily degraded to the amino 
acids by enzymes which break the peptide bonds in the presence of water. 
Although the proteins are the least resistant plant w&anicalw their 
monomer units, the amino acids, may contribute to the structure of d. 
For exantple, phenyl alanine and tyrosine are irreversibly dednated, by 
two naturally occurring enzymes to cinnamic acid and p-comic acid, 
respectively. These two acids are important precursors of lignin (see next 
section ) ( 36 ) . 
Other naturally occurring nitrogen ampounds include the porphyrin, 
chlorophyll (Figure 2.13b), which participates in photosynthesis and is 
therefore concentrated in Algae and the leaves of higher plants. 
Nucleic acids are also included in this group. 'Ihese biopolymers are 
present in the cell nucleus, and consist of four monaner units called 
nucleotides (Figure 2.13~). Parts of these polymers, such as the nitrogen 
containing base units, may persist in the peats. 
iii. Lignins and Lignans - "After cellulose, lignin is the second mst 
abundant polymeric organic natural product." 
T H. ~ i m z ,  1974(34) 
Lignin formation is characteristic of vasculax plants as it enables 
these plants to develop "large upright formsn (37 1. The stems of trees are 
mainly canposed of xylem tissue which is characterised by "elongated cells 
with thickened walls, impregnated by ligninIf(37 ) . 
It is thought that 22-34% of the total wood is lignin, although not 
all of the lignin may be extracted by chemical means(36) because of its 
resistant structure. 
Lignin is a q l e x  three dimensional polymer of phenyl propanoid 
(C6 - C3) units (Figure 2.14a). It has been knclwn for sane time that 
lignin varies with plant species(2r37 1. This trend is exemplified by the 
different precursor aramatic alcohols (Figure 2.14b) and related 
extractives £ran the wwds(38). The 3-methoxy-4-hydroxy phenyl unit 
(guaiacyl), such as that in coniferyl alcohol, is abundant in sof- 
lignins (eg conifers). The 3,s-dimethoxy-4-hydroxy phenyl group 
( syrinqyl 1 , such as that in sinapyl alcohol, is dcaninant in hardwoods (eg 
beeches and grassland vegetation ( 38 ) . 
iii 
etc 
Fiqure 2.13: Proteins and other nitrogen-containing anpunds. a) Amino 
acids lysine (i), histidine (ii), tyrosine (iii), b) cNorophy11 A, 
C ) portion of DNA molecule. 
Q ' CH, 
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Fiqure 2.14: Lignin mnaner units and lignans. a) phenyl propanoid unit, 
b cinnamic acid ( i ) , pcoumaryl alcohol ( ii 1 , conif eryl alcohol ( iii ) , 
sinawl alcohol ( iv ) , c ) lignans , pinoresinol ( i , dehydrodiconif -1 
alcohol ( ii ) , guaiacyl glycerol- conif eryl ether ( iii 1 . 
In 1953 Freudenberg showed that certain m n  plant enzymes oxidised 
a mixture of the three phydroxy alcohols to yield a lignin-like 
polW= (36). He postulated that the mnaner precursors must be polymerised 
in a randan mmer involving a free radical mchanisn and q l e x  
interchain and side chain condensations(37). 
The phenylpropanoid dimers observed by F'reudenberg also occur 
naturally in wmds and are tend "lignansn(37), or ndilignolsn(34). 
Examples of gdacyl type lignans (Figure 2.14~) indicate the types of 
condensations that must occur in lignin formation. 
The proposals for the structures of spruce lignin (37) and beech 
lignin (34) inmrporate a great variation in phenyl propane units and types 
of linkages, sane or all of which may still exist in ads. 
iv. Tannins - Tannins are high molecular weight polyphenols which can 
strongly bind proteins via the large number of phenolic hydroxyls, and thus 
"tann leather. They are classified into t m  broad groups; the hydrolysable 
and the condensed ( non-hydrolysable tannins (36 ) . Hydrolysable tannins 
usually mntain a central core of a polyhydric alcohol such as glucose, 
esterif ied w i t h  gallic acid (gallotannins ) or hexahydroxydiphenic acid 
(ellagitannins) (Figure 2.15a) The condensed tannins are mstly nflavolansn 
- pal-S of flavan-3-01s (catechins),and/or flavan-3,4-diols (leuco-antho 
cyanidins ) (Figure 2.15b ( 36 ) . 
Tannins are associated with the higher plants with up to 17% 
concentrated in the bark and up to 6 .S% in the lea~es(3~ 1. 
v. Fats and waxes - Fats and waxes belong to the family of water 
insoluble lipids. Seeds, spores and fruits are particularly rich in 
lipids(2 1. Fats are esters of fatty acids and glycerol (Figure 2.16a) (38 ) . 
The aliphatic tail of the fatty acid contains an even nmkr ( m n l y  16 
or 18) of carbons and is often unsaturated, particularly in vegetable oils - 
(Figure 2.16b). 
Waxes contain esters of longer (C24 to C361 fatty acids with mre 
q l e x  alcohols either, of the sterol series or, primary aliphatic 
alcohols of wen ~rbon number (C16 to C36) (32). 
Fats generally act as food stores while waxes often fulfil protective 
functions (Figure 2.16~). For example, waxes form one of "the major 
Figure 2.15: 'Itinnin mnaner units. a) Hydrolysable tannin precursors, 
gallic acid (i), hexahydroxydiphenic acid (ii), b) condensed tannin 
precursors, catechin ( i 1, leuco-anthocyanidin ( ii ) . 
\COH HOOC fCH2.),CH3 t-$C-OOC cH.2 
I 
HCOH + HOOCKH~+CH~ 
I 
-4 H - & ~ 2 * C ~ 3  
I $COH HOOC~CH~+~.,CH, F Hp-ooc CCH2.),CH3 
Figure 2.16: Fa t s  and waxes. a) F o m t i o n  of t r i g l y c e r i d e  ( f a t )  £ran 
glycero l  (i) and f a t t y  ac id  (ii), b) examples of  major fatty ac ids  of  
leaves,  pdLmitic a c i d  ( i ) , l i n o l e i c  ac id  ( ii ) , c) protective wax found i n  
rye grass ,  d)  s t r u c t u r e  of cu t in .  
constituents of the cuticle layer which covers the epiderrrral cells of the 
leaves, fruits and other tissues of higher plantsw (40 ) . 
The highly resistant cutin is the other major constituent (50% to 90%) 
of the cuticle. Cutin is thought to be a 9n.ixture of highly cross-linked 
hydroxy acids with a daninance of 16, 18 and 26 C-atomsn (2 1 (Figure 2.16d) . 
Related canpounds suberin ( inside plant tissues and cell walls 1 and exine 
(fran cell walls of spores) are also polymers of long chain acids. 
vi. Resins and higher terpenes - Resins are one of the most highly 
resistant group of plant Products(2) and are amnon in higher plants, 
particularly conifers. The main constituents of resins are the unsaturated 
resin acids (Figure 2.17a) which have a diterpenoid (C201 structure and 
easily polymerise to "hardenn the re~in(~1) . 
Triterpenoids, such as friedelin and betulin (Figure 2.17b) are 
abundant in high& plants(32). The hopane series of triterpenoids 
(Figure 2.17~) are daninant in bacteria and algae(32). Derivatives of 
these ampounds, the "geohopanoids", are found in many fossil fu~ils(~3). 
The steroid derivatives of triterpenoids, such as sitosterol and 
stigmasterol (Figure 2.17d 1, are also abundant in the plant kingdan. The 
polyunsaturated 'ketraterpene (C40) carotenaid pigmmts are ccmmn in hsgher 
plants where they are concentrated ih the fruits and leaves, eg carotene 
(Figure 2.17e ) . 
2.1.2.2 The inorganic content 
There are thought to be three origins for the inorganic matter in 
Coal: 
"a. inorganic mtter £run the original plants; 
b. inorganic+rganic amplexes and minerals which formed during the first 
stage of the coalification process or which were introduced by mter 
or wind into the coal deposits as they were forming; 
c. minerals deposited during the second phase of the coalification 
process, after ansolidation of the coal, by ascending or descending 
solutions in cracks, fissures or cavities, or by alteration of 
prhmrily deposited minerals." 
M,-Th. ~a~Kc]wsky(~) 
Figure 2.17: Resins and higher terpenes. a)  ite er penes , abietic acid ( i ) , 
sandaracopimaric acid ( ii 1 , b) triterpenoids, f riedelin ( i ) , betulin ( ii ) , 
C )  "hopanew structure, d) steroid derivatives, sitosterol ( i , 
stigrnasterol (ii), e) tetraterpene, R-carotene. 
The minerals, either -thered or unaltered £ran original canposition, 
are therefore only part of the inorganic mntent of coal, The types of 
minerals likely to be found in d s  have been stmmrised by ~ladr(~2). and 
include quartz, feldspar, clays, hydroxides and sulphates, with the latter 
usually occurring as a result of weathering. 
The other important form of inorganic constituents are the 
exchangeable cations (usually Na, K, Ca, Mg, Bat Sr, Fe and All which can 
substitute for hydrogens of acidic g110ups(22) to form carboxylates. 
The beginnings of the formation of coal fraa peat occur in the period 
of wbiochemid dification" or "diagenesisw(l) which includes microbial 
and chemical changes as well as mechanical breakage and ccmpa~tion(~~). 
At the sur£ace.of the peat (ie approximately 0.- depth) aerobic 
bacteria and fungi decacrpose many of the less resistant biochdcals, 
E'ungi tend to attack the lignin and cellulose of wood tissues. Cellulose 
is %re easily remved by hydrolysis, and thus preferentially lost 
relative to ligninn(32). Bacteria also attack the proteinaceous material 
as well as cellulose, The presence of "microbially derived cxnpunds" such 
as lipid amponents, sugars and amino acids, is said to provide evidence 
for bacterial contribution to the peatT32). All these microbial processes 
are characterised by oxidation processes, 
The lack of oxygen supply at increasing depth (and after initial 
burial by sediment) induces anaerobic bacterial activity. hrentually all 
suitable organic substrate is depleted and microbial activity ceases. This 
initial phase of diagenesis is characterised by the degradation of the less 
resistant biopolymers into aranatic, phenolic and carboxylic oomponents. 
The second stage of diagenesis occurs under reducing conditions and 
involves the polymerisation of these amponents with other resistant plant 
moieties, in a random fashion, to form the werall product of 
"peatif icationn , the "humicw substances(32). 
Diagenesis results in an increase in carbon content as the 
oxyqen/hydrogen rich substances, such as cellulose and protein, are 
decaqpsed. An "enrichment of the relatively carbon-rich ligninW(l) and 
other stable plant cmpounds, such as the tannins and lipids, occurs. At 
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the same tinre, the increasing canpaction of the peat causes the misture 
content to decrease rapidly. 
After diagenesis, geochemical processes, ie the ambination of 
pressure, temperature and time, take wer the "ooalification" or 
"carbonificationn of the humic material "that sunrived the peat formation 
processn(32). 
Geophysical influences, . such as the pressure of the overburden, 
initially cause a rapid decrease in the porosity of the young d. The 
continuing decrease in misture content is partially dependent on the 
porosity, but it is also related to the "decanposition of hydrophyllic 
functional grow (141, such as hydroxyl, carbonyl and mthaxyl 
functionalities, in the early coalification stages. 
The "last remnants of lignin and cellulose are transforraed into hunic 
mterialsn(14) during the lignite and subbituminous stages of 
coalification, and the carboxylic groups are eliminated. 
The misture content and porosity continue to fall, and the density 
increases, as coalification proceeds. Increasing dification involves 
the loss of functional groups, parti-darly those containing heteroatxxns 
(0, N, S). This is exemplified by the oxygen contents of coals at 
different stages of metamorphism (Figure 2.18b). The structure becanes 
increasingly mndensed and polymerised and the munt of carbon in aranatic 
rings, or the armaticity, increases. Both the loss of oxygen 
functionalities and the increasing armatisation are exhibited in the 
series of diterpenes in Figure 2.18a . The mnpounds fichtelite and retene 
have been found in sedimentary rocks(42), Dehydroabietene is m n  in
soils of Canadian pine forests and dehydroabietic acid has been found in 
buried mod (a seventeenth century coffin! ) (42). All are "undoubtedly 
formed £ran the same starting material, abietic acidn(42), which, as 
mentioned earlier, is a major type of resin acid. 
The amount of non-armtic functionalities in the coal decreases in 
the latter stages of coalification, due partly to the increasing 
aranaticity, but also because of the ratmval of aliphatic and alicyclic 
groups by the process "catagenesisn. This process results in an overall 
increase in methyl groups relative to other, chain aliphatic structures 
a iii iv 
etc Lignin -27 %O 
I 
-. Peat 30 '/00 
etc-O-@E-fH-CH2OH Lignite 25-30 % 0 
OCH3 Subbituminous 15-25 %O 
Bituminous 3-15 %O 
Anthracite < 3 %O 
heat 
R * H ~ - C H T C ~ + C H ~ ~ C H ~  - R-CH, + H,C=CH&H,-),CH, 
Figure 2.18: Chemical processes involved in coalification. a) Increasing 
aranaticity, abietic acid (i ) , dehydroabietic acid ( ii 1, retene ( iii ) , 
dehydrobietene ( iv) , f ichtelite (v)  , b 1 oxygen loss, c catagenesis . 
~ C T O R I A  UNIVERSITY OF WELLINGTON' 
24 
(Figure 2.18~ . Other reactions involved in the geochemical processes have 
also been studied(42 r 46 ) . 
There have been rmy "mechanismsn of coalification postulated. The 
earlier examples have been reviewed by van Krevelen(*). David~on(~*) 
discussed the current "roodels" which are said to represent the kinds of 
structures expected in the mcrcmlecular skeleton of coal, ie the "average 
structures". m e  coal structure is so heterogeneous and alters so greatly 
with the degree of coalification, that it is unlikely that an "ideal" 
chemical structure will ever be discovered. Hawever, the "representative 
partial structuresn of ~ender(45) do help to visualise the overall chemical 
changes that occur with increasing coalification (Figure 2.19). They 
dmnstrate : 
i. increasing aromaticity, condensation and polymerisation; 
ii. decreasing functional groups, including aliphatic, dlicyclic and 
oxygenated groups. 
2.2 Classification of Coal 
"Difficulties and ambiguities of classification are unavoidable for 
substances as varied and camplex as the family of coals". 
. American Physical ~ociet~(~5 ) . 
Labels are given to coals of increasing maturity. Coalification is 
said to proceed £ran peat, through the levels lignite, subbituminous, 
bituminous and anthracite. Certain properties have to be measured to 
classify a coal into one of these stages. There are two main systems for 
coal classification. The first is based on a large amount of chgnical 
analyses. The second, called "petrographyn, studies the coal as a rock; 
~ 
ie on the microscopic level. 
2.2.1 Chemical Analyses 
Most of the chemical analyses of New Zealand coals are carried out by ~ 
the Coal Research Association (CRA) of New Zealand. The standards of the 
International Standards Organisation (ISO) are usually followed but are 
supplemented by specific standardsof the American Society for Testing and 1 
iqaterials ( ASTM) and British and Australian standards( 47). The analyses 
Fiqure 2.19: Wender's representative partial structures for five d ranks 
a) lignite, b) subbitminous, c) high-volatile bituminous, 
d) luw-volatile bituminous, e) anthracite. 
are divided into two general groups; "Proximate analysis" which is the set 
of analyses useful in deciding a -1's industrial applicability, and 
"Ultimate analysisn which is the set of elemental msasuranent~(~~). 
2.2.1.1 Proximate Analysis 
Proximate analysis includes the measurement of moisture, ash, volatile 
matter, fixed carbon (by difference) and certain other properties including 
heating characteristics. 
i, Moisture content - There are several types of "misture contents" that 
can be masured for coal which are dependent on the preparation of the 
sample and the determination procedures ( 49 ) . The "mistwe in the analysis 
sample" is determined by the weight loss of the "as-received" sample after 
drying in an oven at 10SOc to llO°C swept by dry air. The measurement of 
the "air dried" misture content involves the preconditioning of the sample 
to "equilibrium" in a 'controlled roan at 20°c and 70% relative hddity. A 
"loss on air-dryingw (LAD) moisture is also measured. This procedure is 
not applied tto lignites as the equilibrium time is too long for practical 
purposes. The practice for lignites involves a rapid analysis on partially 
dried samples(49 ) . 
It is often necessary to knw -(or at least estimate) the bed misture 
of the coal; ie the misture content when the coal is in the ground. There 
are several metho3s for estimating this (47 ) . 
a. Moisture detennination on bed-mist samples obtained frcm the ground. 
This is not always possible. For example, m y  of the drilling 
techniques involve water , thus raising the misture content. 
Alternatively, if the sample is taken from the coal face, it may be 
weathered and have a law moisture content. 
b. Determination of the "Moisture Holding Capacityn (MHC) which is 
assumed to be synonmus with bed misture. However, it is only 
pssible to measure MHC for mals that have not . 
c. Estimation of MHC £ran the air-dried moisture (AD¶) using the equation : 
MHC = 1.3 ADM 
This equation is thought to be valid for samples with less than 20% 
MHC(~~). 
ii. Ash Content - The ash content is msured by buming the sample to 
constant weight at a IMxirmnn tenperature of 815OC. The ash oontent is not 
the smne as the wmineral matterm (m) content of the aal. The latter is 
required for determining "mineral matter freen (mnf) properties. Ebr this 
purpose a mineral mtter to ash factor of 1.04 for New Zealand 
subbituminous coal and lignites, and a factor of 1.08 for the bituminous 
coals, is applied to the ash (mist basis)(50). 
iii. Volatile Matter - The volatile matter (W) of a coal. is the weight 
loss of a dry sample when it is heated in the abscence of air, at a 
specified tenperatwe, for a particular time period(49). This is a very 
variable praperty and is highly dependent on the methods of determination. 
A version of the appropriate IS0 standard is used in New Zealand. The d 
is heated at 9OO0C (+ 5OC) for swen min~tes(~9). 
iv. Fixed Carbon - The fixed carbon (X) content is the renainder when the 
moisture, ash and volatile matter are subtracted franthe whole. m e  E72 is 
meant to represent the non-volatile, canbustible ccmpnent of the coal. 
Huvever, it "incorporates the errors, bias and scatter in the other three 
v. The Specific Energy - The specific energy (SE) of the coal is the heat 
produced when the sample is burned i~ air. It is measured in mega joules 
per kilogram (Wkg'l) of sample. The gross results are subject to several 
corrections including an allawance for the "heat of dilution of the 
sulphuric and nitric acids £0- during the ccmbustionm(49): ie it is 
necessary to knaw or estimate the sulphur and nitrogen contents of the 
sample. 
vi. Caking and Coking Properties - "New Zealand subbituminous coals and 
lignites do not possess caking and ooking properties to any measurable 
e~tent"(~9). However, m y  of the bituminous d s  of the West Coast 
display these properties. 
The crucible "swelling numberw ( S N )  is the easiest characteristic to 
=sure and involves heating the sample at approximately 800°C until 
volatile natter evolution has ceased. The size and shape of the resultant 
"mke buttonm is canpared to a set of standard profiles and given a number 
in the series 1 to 9, in f steps. Sane West Coast coals exhibit a SN of 
9- which represents canplete filling of the crucible! 
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The masuranent of the plastic properties of swelling d s  is also of 
interest. A Geiseler plastaneter gradually heats and "stirs" the ad. at 
constant torque. The initial softening tanperature, the maximum fluidity 
(in dial divisions per minute, ddm ), the maximum fluidity tanperature, the 
solidification tanperature and the plastic range, are nreasured. 
2.2.1.2 Ultimate Analysis 
Ultimate analysis is defined as "the analysis of coal expressed in 
terms of carbon, hydrogen, nitrogen, sulphur and oxygen aontentw(49 ) and is 
usually quoted on a dry-ash-free (daf) basis. The loethods used have been 
described by ~ra~(~9). The results have to be corrected for moisture and 
for the canposition of sane minerals, such as carbonates and sulphates, 
included in the sample, The oxygen content is usually estimated by 
subtracting the percentage of carbon, hydrogen, nitrogen and sulphur, all 
on a dry mineral matter free (M) basis fran the total mntent. The 
results should be quoted as "oxygen, plus errors, by differen~e"(~g), and 
includes any other elements such as phosphorus and chlorine, present in the 
coal structure. 
There are m y  systems for classifying coals according to their 
I 
apparent degree of malification or "rankn, ~ r a ~ ( ~ ~ )  has discussed the 
applicability of these system to New Zedland coals. The AS'IM standard 
(Table 2.2) is the "only national standard which provides a classification 
for coals over the range found in New Zealandn (49 1. The volatile matter 
(dmnf) is used to catagorise the rank divisions for high rank coals, dawn 
to medium volatile bitdnous coals with VM greater than 31%. The gross 
specific energy, on a mist mineral matter free (W) basis, is applied as 
the ranking criterion for the lower rank &S. The ASIM ~tandard(~1) 
r-ds the use of the "appropriaten Parr formulae which for specific 
energy calculated in ~kg-l, are: 
SE = (SE(,) - .ll6S) X 100 12.11 
100 - (1.08 A + 0.555) 
Approximate formula: 
100 - (1.08 A + 0.1s) 
where SE(m) is the twist specific energy, and S and A are sulphur and ash 
contents, respectively. These formulae are based on two assqtions: 
a, the mineral to ash factor is 1.08 which is appropriate for 
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New Zealand's bituminous coals only; 
b. "the proportion of pyritic to total sulphur is 95.3% (n-ator) and 
95 -5% (denaninator which apparently is "ccrclpletely wrong for mst 
coalsn and is the "main reason why all standard docments, apart frau 
the ASIM, have abandoned Parr' S formula long agoa (49 1. 
The recarmendations of m y  of the other standards for calculation of 
SE (W) involve corrections for carbon dioxide and the different types of 
sulphur ( sulphate, organic, mitic) . Fbr example, the British standard - 
arrployes a correction for the heat of ocmbustion of pyrite: 
SE(-) = (SE(m) - 0.126Sp) X 100 [2-31 
100 - mn 
where Sp is the pyritic sulphur content, and w is the mineral matter which 
is derived fran the ash using the mineral matter to ash ratio. Gray 
I derived the relationships between pyritic and total sulphur, and thus the 
SE (W) by the British standard, for many of the New ZFS;ll;lnd coal 
regions. Representative samples fran New Zealand mal mines were then 
classified according to the specific energy (Mrmf) categories of the ASlM 
~tandard(~9). 
1 2.2.2 Petrographic Analysis 
The different ccmponents of the coal, visible on the macroscopic scale 
(ie to the unaided eye) are called "lithotypes" or rock types(48). 
Lithotypes reflect the npal~virornnental position of the peat in the 
original peat swamp, and geochdcal and biochdcal conditions at the 
peat/water interface at that particular geographic and time pointW(52). The 
Stopes-Heerlen system of nanen~lature(~8) for humic coals includes; i 1 
"vitrain" , which is the most cormon lithotype and is derived £ran wood or 
bark; ii) "clarainn and iii) "durain" which are of variable origin - the 
latter being the hardest coal canpnent, and iv) "fusainn which is mineral 
charad. believed to have the same origin as vitrain as it resenbles mod 
charcoal, These lithotypes have been described in mre detail by ~tach(l). 
Canponents of coal that were distinct on a microscopic scale were 
tern& "maceralsn by Marie Stopes in analogy to the minerals in rocks(48). 
It has since been found by paleobotanical analyses that carrelations exist 
between certain mcerals and particular plant types or tissues(l). ?he 
ICB (International Camnittee for Coal Petrology) standard rules for 
petrographic microscm studies classifies the macerals into three groups; 
"vitrinite", "exinite" and "inertinitem. 
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In the peat, soft brawn and dull hard brawn coals (lignites), the 
humified material that is the precursor to (but shows little resemblance 
to) the vitrinite macerals, is defined as a separate "humhiten mceral 
group(l). Similarly, the "exiniten group observed in the lowest rank coals 
is called the "liptinitem group. 
Each of the three main maceral divisions include a series of macerals 
(Table 2-31, grouped together because of either similar origin or similar 
type of preservation(1). For example, the process of mvitrinisationn 
transforms cell walls of wood into telinite (a vitrinite maceral) by 
humification and gelification, Haever, if the cell walls had firstly been 
charred by fire or muldering, then the process of "fusinitisationU d d  
produce fusinite or s d f  usinite ( inertinite macerals ) (1). Ihe origins and 
properties of all macerals are doccnrrented in Stach's Textbook of Codl 
~etrolo~~(1). A s-ry of the origins of sane of the main macerals in 
each group will follow. 
2.2.2.1 Vitrinite Macerals 
The vitrinites are the most abundant mcerals and are the 
"coalification products of h d c  substances, which essentially originate 
£ran the lignin and cellulose of cell wallsn(l). m e  well preserved 
humified plant matter, humtelinite, forms the vitrinite macerals; 
telinite, when the cell walls are -distinct f ran cell infillings, or 
telocollinite, when the material is structureless, This latter maceral is 
then grouped with the other oollinite macerals. Varying amounts of 
substances such as tannins, resins and waxes, cutins and pigments, that 
either impregnate the cell walls or are intimately mixed with the plant 
matter, are likely to be incorporated into these macerds. 
Hlmnic detrital matter is formed when the cellulose-rich parts of the 
plant, such as leaves and stems, are deccmposed. "Finely divided gel 
particlesn are formed between the detritus when strong decomposition 
occurs. The "intimate mixturen of this material is initially termed 
humodetrinite and wentually form the vitrinite kcerals, d-llinite 
when gelification of detritus particles and dispersed gel produces a very 
dense hqeneous material, or vitrcdetrinite when the detrital texture is 
still recognisable. 
The other collinite macerals have the humcollinite sthaceral. as 
precursor and originate from colloidal gels. Gelocollinite is formed as a 
TABLE 2.3 : SUWARY OF OOAL MACERALS 
(a) Arrows show applicability of mcerals to coal 
(b) Grouped together in the terminology of  lack(^^) 
a 
BraWn ( X ~ S  HardCodls 
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result of the precipitation of "colloidal humic solutionsn that have 
migrated into existing cavities(1). ~orpxllinite is f o d  £ran cell 
excretions of either living or dead cells and, in particular, is likely to 
contain oxidation or condensation products of tannins. 
2.2.2.2 The Exinite (Liptinite) Macerals 
The exinites originate fran the hydrogen-rich plant constituents 
including i 1 the resistant lipid material. such as resin and -, cutin, 
fats and oils, and ii) the bacterial degradation products of the large 
biapolyaers such as proteins and cellulose. The exinites contain a far 
greater munt of aliphatic amponents (eg n-alkanes) than the macerals of 
h d c  origin as a result of the chenical structures of the contributing 
~npounds. 
"Sporiniten originates £ran the outer cell walls (exines and perines) 
of spores and pollensn(l), which consist of a highly cross-linked polymer 
of carotenoid structures (Figure 2.17e) called sporopollenin. The 
sporinite fran Cretaceous and ~ertiary coals is thought to mainly originate 
f ran pllen (eg of angiosperm ) rather than spores(1). 
Cutinite originates £ran the cuticle layers of, for aanple, the 
epidh of leaves and thus consists mstly of cutin (Figure 2.166). 
Cutinite is well preserved through hunkcation and early dification but 
appsxs to be altered strongly at the subbituminous/bituminous 
Resinites are camonly formed frm resins. They are often found in 
Tertiary coals because of the abundance of conifers, which "bleedn resin 
when wounded, in the Tertiary flora. 
Suberinite is also found mainly in Tertiary coals and, in parallel to 
resinite, forms fran the suberin of the cork cells in bark and on the 
surface of roots, stems and fruits. Earlier flora did not form cork. 
The rdning exinite macerals are defined for brown coals only 
(liptinites) or are specific to a type of coal; eg alqinite, which is found 
in oil shales and sapropelic coals only. 
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2.2.2.3 The Inertinite Macerals 
As mentioned earlier, inertinite macerals originate fran the same 
plant matter as the vitrinite mcerals. H-er, the mterial had 
undergone "fusinitisationn, caused by "charring, oxidation, moulderingn or 
"fungal attack, More deposition or on the peat surfacen(l) . The 
resultant macerals exhibit high carbon and luw hydrogen contents and a high 
degree of armatisation and condensation. The fusinitisation process 
effectively "pre-coalif iesn the macerals so that they alter little during 
coalification. 
Fusinite and semi-fusinite have the same origins but are distinguished 
by the degree of fusinitisation. 
Sclerotinite is a term derived £ r a n  nsclerotian, which are durable 
forms of fungal remains and it is £ran these that the sclerotinite of the 
Tertiary 4 s  is formed. 
Macrinite is derived £ran the gel material £ran which 
gelocollinite forms, except that it has firstly been fusinitised. 
Inertodetrinite is a mixture of redeposited (eg by wind) "debris of 
fusinite, sanifusinite, sclerotinite and macrinite and of smll plant 
remains which decomposed and fusinitised within the peatn (l). 
Micrinite is a maceral only found in bituminous mals, which is 
thought to be related to exinite, but is of unclear origin. 
2.2.2.4 "Rankn and Reflectance Measurements 
In contrast to the other maceral groups, the chemical properties of 
vitrinite vary fairly uniformly with increasing coalification. The 
chemical changes include increasing aranaticity, The optical reflectance! 
of vitrinite largely depends on the degree of aranatisation. It was 
therefore chosen as the petrographic ranking parameter. 
The reflectance of light off the vitrinite surface is measured 
relative to a standard of known reflectance. Oil imnersion objective 
len~es(~5) are used to enhance the contrast of the mcerals . The mean 
randan reflectance values in oil, Ibn, are usually measured for lower rank 
coals. At high ranks, vitrinites exhibit large anisotropies. Thus, the 
amunt of light reflected is dependent on the orientation of the m t i c  
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lamallae in the vitrinite. The -le is rotated and the rmximum and 
m i n h  reflectances, m and w n  respectively, are measured. The mst 
comprehensive study of the reflectances of New Zealand coal mine samples 
was published by Professor Black in 1980(~~), in which it is stated that 
reflectance ~ ~ ~ u r a n e n t s  can only be used to quantify the rank of 
subbituminous and bituminous coals. 
When coals are said to be of the same "rank" it is mant that they 
have achieved the same degree of n&anical coalification" or "thermal p 
maturationW(53 ) . Hawwer , substantial differences in physical and chenical 
praperties can occur between d s  of apparently equal rank. Ebr example, 
samples taken £ran the same position in one seam (serial samples) can 
exhibit differing analyses(54). This difference is called "axl typen and 
is thought to be caused by variation in the deposition and amposition of 
the peat(53). The vitrinite of the coal was chosen for rank assessrrent to 
"reduce the range of analytical variationN(54). mever, it is still 
subject to type differences, such as varying volatile matter and moisture 
content, which must be taken into account. 
2.2.3 Surmrary of "Rankn Classification Schenes 
No one rank parameter is applicable over all rank stages (Table 2.4) .  
Several parameters are introduced for most of the standard "&mnicdlw 
classifications and it is necessary to perform a great many andlyses on the 
coal before it can be categorised, The petrographic systan does not cover 
the lower rank &S and there is sane debate with respect to the 
influences of moisture content ("physical rank"(55)) and "vitrinite 
t ~ " ( ~ 3 )  on reflectance measuranents. ~uggate has developed a 
classification systgn "R.P,s. ~ a n k " ( 4 r 5 5 )  which corrects the 
specific energy and volatile matter (ie chemical analyses) for the effects 
of coal type (ie petrographic concept), to obtain a "line of metanrorphic 
develornt of 'average type1 d w ( 4  1. The "isorankm lines constructed on 
the WSE graphs are given "RPS Rank" numbers, which have since been sham 
to effectively reflect the oxygen content of the d(491. 
In conclusion, it is obvious that the quantification of the "rankw of 
a coal is cunplicated by m y  factors. Many of the schenres developed 
overseas are not c~npletely relevant for the levels of coalification 
observed in New Zealand coals which are concentrated at the "low-rankw end 
of the range, 
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CARKIN-13 SOLID STATE M R  
Theory 
The theory and use of the NMR technique in the study of liquids has 
been dealt with by many authors(1-3). ~t is not appropriate to cover this 
area once again. However, it is appropriate to outline the theory and 
methods of application of NMR to the solid state. 
3.1.1 Nuclear Spin Interactions in Solids 
In order to understand sane of the problens associated with high- 
resolution NMR spectra of solids it is necesary to d n e  the important 
interactions that contribute to the terms of the nuclear spin Hamiltonian. 
A typical nuclear spin Hamiltonian (dl), is given by: 
where and Art result £ran spin interactions with the "erternal" 
static and radio frequency (rf) fields, respectively. The rdning terms 
describe the "internaln interactions which depend upon the fundamental 
properties of the nucleus and its environment. Detailed discussions of 
spin interactions have been presented by many authors including Harris ( ) , 
~bra~am(~), Mehring(5), Wasylishen and E'yfe(6). The following discussion is 
a brief smnary of each term for a hypothetical two-spin systan, with types 
of nuclei "1" and "S", both w i t h  spin + ( G ) .  
a. m e  Z- tern ,A, results £ran the interaction of the nuclear 
magnetic nanent, pj of the nucleus i with the applied static field 
%, and can be written as: 
- 
I i 
Where Ii is a spin operator and yi is the mgnetogyric ratio of 
nucleus i. 
If the applied field lies in the z direction, then 
for the t w  spin systerrr. 
perpendicularly to the static field direction: 
where B1 is the amplitude and (A) is the frequency. If is 
applied along the x-axis then 
The transition between t w o  states, given by quantum numbers no and 
mi , induced by the applied field has a frequency: 
when considering the Zeeman interactions only. 
, 
m e  -lar ,AQ, only amtributes to the Hamiltonian when 
the nucleus has a spin I > ). 
d. The dipole-dipole term,& is defined as : 
where &andASs are the sums of hamnuclear interactions and&s is 
the sum of heteronuclear intera=tims. For two isolated spins, I and 
-. 
S, it is given by: 
where r is the distance bewteen the t m  spins and 6 is the dipolar 
coupling tensor. When converted to the spherical polar co4rdinates 
of Figure 3 .l, &&is conposed of six terms: 
where 
A is the only term that aomnubs with the 'Zeeman operator. The other 
terms do not contribute to the FEdItonian. 
It can be shawn that there are onIy two transitions allowed for the I- 
spin and tFFO for the S-spin. For a single crystal, (ie for one 
orientation) the t w o  levels are separated by: 
Figure 3.1: Spherical polar co-ordinates for the t w o  spins, I and S, 
separated by a distance r. 
All possible orientations must be averaged for a powder sample. 
The hamnuclear interaction tern are defined analogously to&, 
except that, for like spins, the B t e r m  must also be considered in the 
Haxniltonian. For a pair of like I-spins, 11 and 12, the dipolar 
interaction terms are: 
1 B = -~(1-3cos~8)(1:.1;.+1;. 12) l3.13 I 
where I+ - are shift operators. The B term alters the nuclear spins by 
+ 1 and is referred to as the wflipflopn or exchange term as it 
- 
provides an efficient method for spin lattice relaxation. 
The t w o  allowed transitions for the hamnuclear systen are separated 
by: 
In liquids, 8 is mdulated by the rapid isotropic reorientation of the 
mlecules so that: --. 
Thus, the dipolar term does not contribute to the liquid Hamiltonian. 
e. Ihe chmi0-1 shielding term,& arises fran the effect of electrons 
on the field of the nucleus and is defined by; 
A 
where 0 is the dimensionless chemical shielding tensor. The general 
chemical shielding tensor, in an axis systan X, y, z is represented 
by: 
It is always possible to define a "principal axisn systan in which all 
the off-diagonal terms are zero and 8 can be described by three 
principal values, 011, 622, 033 and the three angles of orientation of 
the axis system. 
. . 
In liquids, the principal values of the shielding tensor are averaged 
to the isotropic shielding constant 6i- : 
f. Other interactions include the indirect electron-mupled spin-spin 
interaction given by: 
A 
where JIS is a 
averaged in liquids. 
tensor which is also isotropically 
g. Surmary - The Hamiltonian describes simple splittings for a single 
pair of spins. For a real system, the full Hamiltonian is a sum of 
terms over all spins in the solid sample. This gives rise to a very 
broad line with no structure and hence little information. m e  effect 
of the major internal Aamiltonian tenns&D,&CS (and to a lesser 
extent dfJ) must be minimised in order to obtain a high-resolution 
spectrum of a solid. 
3.2 High Resolution 13c Spectra of Solids 
3.2.1 Experimental Techniques 
Various techniques have been developed to observe dilute spins, S, in 
the presence of abundant spins I. "Diluten is applied to a system where 
the hano-nuclear S-spin dipolar interactions (ASS) are quite small: eg 
lkH~(~ 1. Carbon-13 satisfies this mndition in most carbon containing 
solids as it has a natural abundance of 1 .l%. In the present work the 
abundant spin I represents, 1~. 
3.2.1.1 High-Power Decouplinq and Cross-Polarisation 
The major source of line broadening in the NMR spectrum is the 
dipolar interaction between carbons and nearby protons i e A s  1. 
This dipolar broadening is reroved by applying a strong rf field to the I 
spins. This field induces a rapid change in the I-spin states relative to 
the I-S interaction; ie the I-spins are "decoupledn £ran the S-spins. The 
37 
rf field is applied in a sequence of pulses because of the heating effect 
of the large decoupling fields needed to r-ve the interactions. 
The applied field can also be used to enhance the sensitivity of the 
dilute S-spin by the "cross-polarisation" (CP) technique. The 8 
experiment was introduced by Hartmann and Hahn in 1962(7) and was first 
applied to 13c NMR by Pines et a~(~), ten years later. Polarisation is 
transferred £ran the abundant I species which, in thermodynamic language, 
has a high heat capacity, to the S-system which has a law heat capacity 
(Figure 3.2). 
The cross polarisation technique has another important advantage, in 
that it allows experimental recycle times to be governed by the rate at 
which the I-spin magnetisation recovers to equilibrium when the applied 
fields w e  hm~ed off (1/~1~1 rather than the rate for S-spin 
magnetisation r-veq (l/~l~ 1 . can be of the order of tens of 
seconds for organic solids; ie much longer than T ~ H  which is usually less 
than one second. Thus, far mre experiments can be accumulated in a given 
I 
time using the 8 technique. 
The rmining broadening of the solid NMR lines is due to the chemical 
shift anisotropy term, HCS, in the Hamiltonian arising £ram the restricted 
molecular motion in the solid. The 'shielding experienced by the nucleus 
under static conditions, is defined by the three tensor c~nponents 511, 
622, 633. The transfomtion of the tensor under rotation(5) results in a 
spectrum referred to as a "powder pattern". Theoretical pmder patterns 
for three general cases are shown in Figure 3.3. The convention 
d11<622<633 is used. The magic-angle-spinning (MAS 1 technique was 
proposed independently by ~awe(g ) and by Andrew et al(l0) to reduce the 
chemical shielding powder pattern to the isotropic value. This is 
performed by rotating the sample at an angle relative to the external 
field, Bo (Figure 3.4 ) such that: 
P 
( 3c0s2p -1 = 0 [3.201 
The magic angle, P , is therefore 54.7O ( 54O44 ) . 
In high resolution decoupling and CP experiments, MAS eliminates the 
broadening due to dipolar interactions between S-spins and other dilute 
spins, including S-spin hamnuclear interactions. These interactions are 
Figure 3.2: Thedynamic  description ofthe transfer of polarisation 
between the t w  spin systems. 
Figure 3.3: Schematic powder patterns for sites of 
a) cubic symnetry, U11 = 622 = 633, b) axial. syrrmetry, 611 = d22 # d33, 
C )  lower synmetry, all # $2 P d33. 
Figure 3.4: Sample rotation at the magic angle. P . to the applied 
magnetic field. 
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usually small, except where the S-spin is coupled to a quadrupolar nucleus. 
A 
MAS also reduces the magnitude of the coupling constant J 
which determines the& contribution to the E3amiltonian. 
Therefore, under the line narrwing techniques of high pawer I-spin 
decoupling and =,and the sensitivity enhancing 8 technique, a high- 
resolution solid NMR spectrum can be obtained with the S-spin resonances at 
characteristic Larmor frequencies. 
For an S-spin nucleus i, the L a m r  frequency Ni) is given by: 
vi =YsBo(l -ai)/2n [3.211 
where di is the shielding constant of nucleus i. The NMR spectra are 
usually reported in terms of a "chdcal shift", 6 i, in parts per million 
( p p )  £ran the L a m r  frequency of a reference standard (R)  such as 
tetramethylsilane (TMS 1 ; ie 
Thus, the psition of the NMR signal on the chemical shift scale is 
dependent on the magnitude of the shielding that the nucleus experiences. 
3.2.2 Spinning Side Bands 
MAS is successful if the anisotropic ccmponent of the chdcal shift 
is averaged leaving only the isotropic canponent. This occurs if the rate 
of spinning is canparable to the shielding anisotropy (in frequency units). 
However, this rotation rate cannot often be achieved in practice as it can 
be several kHz. Spinning at frequencies smaller than the shielding 
anisotropy results in a series of rotational. echoes or "spinning side 
bands" (SSB) flanking the isotropic resonance line by multiples of the 
spinning frequency (Figure 3.5). These signals are the manifestation of 
the remaining anisotropic canponent. Therefore, the SSB properties are 
dependent on the chemical shift tensor of the particular functional group. 
The symetry of the carbon environment determines the relative 
magnitudes of the three tensor canponents. For example, the chenical shift 
tensor of benzene is defined by three inequivalent tensor directions(l3) 
where the 633 element, perpendicular to the ring plane, is the rust 
shielded direction. The least shielded, 611, is directed towards the 
proton (Figure 3.6). In a m t i c  systems, the 633 tensor mnpnent is 
strongly influenced by the ring currents. This results in very large 
Figure 3.5: NMR spectra of Webb bituminous coal obtained a) without MAS 
and b) with MAS. Spinning sideband signals are marked by (a). 
Fiqure 3.6: Directions of the t h r ee  pr inc ipa l  values of the chemical shift 
tensors f o r  th ree  carbon functionalities. a) unsubstituted armtic 
carbn, b) carboxylic carbon, c) methylene carbon. 
39 
shielding differences between 611 and a33 and thus broad powder patterns, 
with widths (a6 = ~$1 - 633 1 of approximately 200 1. The size of the 
022 ccaponent varies according to the site symnetry. For example, the site 
of the bridge carbons of condensed ara~tic systems has mre local symnetry 
than that of the carbon in benzene. Thus, the magnitude of the 622 
shielding caponent approaches that of the 611 cunponent; ie the powder 
pattern tends towards the example of the axially synmtric chemical shift 
tensor of Figure 3.3. 
The carbon of the carboxylic functionality is more deshielded than the 
benzene carbon. Therefore, the isotropic resonance appears dawn-field of 
the aranatic resonances, The least shielded tensor arn~pnent, 6~ is 
directioned along the C-C bond while the mst shielded element, 633, is 
perpendicular to the 042-0 plane (Figure 3.6b). The difference between the 
611 and the a33 elements is of the order of 130 pp; ie not as large as 
that of the aranatic tensors. Therefore, the magnitude of the anisotropic 
canponent of the chemical shift is not correlated in a simple way to the 
size of the isotropic canponent, 
Aliphatic carbon tensor values differ greatly £ran those of the 
aranatic and carboxylic carbon, The isotropic shifts occvr at lower 
frequencies and the anisotropic ampnent of the chemical shift is an order 
of magnitude weaker ( A d  = 30ppn). The' axis system of a methylene group is 
shown in Figure 3.6c(15). The mst shielded element, 633 occurs along the 
C-C chain direction while the least shielded -nent, 611, lies along the 
H-C-H plane. 
It can be seen that the structure of the carbon fragment has a great 
influence on the chemical shielding. This is reflected in the powder 
pattern and also in the SSBs. The difference in shielding between the least 
and the mst shielded tensor directions is reflected in the amount of 
signal intensity distributed in to the SSBs. Ebr example, under the 
conditions of 50.3 MHz and 2.5 MIz, MAS frequency(16), approximately 66% of 
the bridge carbon intensity is distributed in SSB signals whereas only 33% 
and 2% of the carboxylic and plymethylene chain carbon, respectively, is 
present in SSB signals (Figure 3.7). 
The pattern of intensity distribution in the SSB signals also varies 
according to the carbon.functionality as it reflects the relative magnitude 
of the 022 tensor element. If the 622 principal d u e  is close to the 
Fiqure 3.7: Typical SSB intensity patterns for three carbon 
functionalities a) aranatic bridge-head carbon, b) olrboxylic carbon, 
C 1 methylene carbon. 
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isotropic chemical shift ( 5) then the SSB intensity pattern is symnetrical 
about the centre resonance (Figure 3 .7b,c). However, as the 622 canpneqt 
approaches either of the other elanents; ie the tensor approaches axial 
symnetry, the relative intensity distribution in the SSB signals b e c a i ~ ~  
very asymnetrical. The example given in Figure 3.7a shws that the first- 
order, high frequency SSB (h1) is greater than twice the size of the 
first-order, low frequency SSB (1-1) which is a consequence of the similar 
magnitudes of the all and d22 principal values. If the magnitude of the 
a22 tensor approaches the value of the mst shielded 633 tensor then this 
order is reversed (1-1 , L+1) . The simulated spectra in Figure 3.7 
that the SSB signals of armtic and carboxylic carbon can be large while 
those of aliphatic carbon are insignificant. The ocmance of spinning 
side bands in the CP/MAS spectra of ccals will be discussed in la-S 
chapters. 
The CP/MAS ~~rperhent 
The experimental procedure and pulse sequence for the 13c C P L N  
experiment &e shown in Figures 3.8 and 3.9. The experiment is smmarised 
belaw. The I and S spins represent the 1~ and the 13c nucl~i, 
respectively. 
a. The I spins are polarised, during the delay period D1, by the stzzic 
field b, aligned in the z-direction (Figure 3.9a). 
b. The rf field B11 is applied for a brief time (PI) along the y axis at 
the L a m r  frequency of the I-spins so that the proton magnetisation 
is rotated into the xy plane. The pulse can be described as "90°y*. 
c. The field is applied along the X axis (Figure 3.9b). The pro-an 
magnetisation is now lgspin-locked" along B11 as the applied f iel6 is 
stronger than the local dipolar fields. Any loss of the spin-l0C:ced 
magnetisation involves a flow of heat frm the lattice to the I-s~in 
system. This is assumed to follw first order kinetics govern& by 
the time constant TleI where l' refers to the rotating referf-?ce 
frameand "1" implies a spin-lattice process. 
d. A second rf field B~s, at the L m r  frequency of the S-spin, is 
applied along the X axis, under the Hartmann-Hahn condition: 
Polarise 90°y Spin lock Decouple Polarise 
Cross polarise Observe 
l V \ 
I 
Fiaure 3.8: Pulse sequence for the standard CP/MFS experiment 03. the YL2110. 
Experimental settings are shown on the bottun line. These will be 
described in Chapter 4. 
Lattice 
Figure 3.9: Sumnary of the eprimental procedure. Relaxation times for 
the transfer of polarisation are shown using the thedynamic d e l .  
a) Polarisation of I spins, b) Spin-locking of I spins, c) Hartmann-Hahn 
match of applied rf fields. 
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The Zeanan levels in the rotating frame are rrratched and the dipolar 
interaction results in coupling between the I and S spins. Mutual 
spin flips tend to increase the S-spin magnetisation; ie a heat flow 
occurs £ram the S-spins to the I-spins with the constant, TIS. 
The two systems approach thermal 
equilibrium if both B ~ s  and B11 are applied (Figure 3.9~) for a 
"contact timetg, t, such that t is much greater than TIS. For organic 
solids, the contact times for polarisation transfer frm protons to 
carbon-13 are generally in the range 0.1 to 10 m. 
Although the S-spin magnetisation is spin-locked by B~s, it is 
eventually degraded by a flw of heat from the lattice characterised 
by the time constant T1qSt. The prim indicates spin-locking of the 
I-spins . 
e. The field B ~ s  is turned off when the S-spin magnetisation has reached 
an acceptable level. The receiver channel is opened for the 
acquisition time, AT, to record the free-induction decay (FID). The 
field B11 is raised to decouple the I-spins. 
The sequence can be repeated as soon as t l e  I-spin magnetisation 
returns to equilibrium in %. The recovery of the I-spin 
magnetisation during the waiting period, D1, is described by a single 
averaged time constant, T ~ I  as spin-diffusion in the I-spin system 
will generally average relaxation rates. 
3.2.4 Relaxation Processes 
3.2.4.1 Spin Dynamics 
The high resolution obtained by the CP/MAS experiment allows the 
relaxation behaviour of the individual carbon functionalities to be 
follwed. These relaxation processes can yield information about molecular 
motions and interactions. Three processes involved in the transfer of 
polarisation, which were described in the last section, need to be 
considered. The magnitude of the carbon signal, S, during the contact 
time, t, is given by: 
dS/dt = (SdTIs)exp(-thlp I)-(S/TIS)-(~/TIP S) [3.241 
where SM is the maximum attainable carbon polarisation in the "absence of 
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dissipative relaxation processes . The solution to this equation can 
be obtained by assuming the existence of simple first order time constants 
and that S=O when t=O. The behaviour of the carbon signal S is governed 
by:* 
To obtain the relaxation mnstants from the curves-of S versus contact 
t h  t, several simplifying assumptions are made: 
a. spin-lattice relaxation of S (in the rotating frame, T1 Qs, is 
ignored, That is, 
Tl p S >> %S r3.26 l 
b, It is assumed that 
'"3 I >> %S [3.27 l 
so that these relaxation' processes can be mnitored separately. 
Thus equation 3.25 reduces to two,  first order, equations for the two 
contact time regions: 
a) t < TIS S = SM (1 - exp( -t/TIS)) r3.281 
b) t >>TIs S = S n q  (-t/'IQI) [3.291 
The rate of loss of carbon polarisation to the lattice, governed by 
time constant T - J ~ s  , is measured by inserting a delay between the 
capletion of cross-polarisation to the lattice, (ie after the Eield EIS is 
turned off ) and the decoupling phase (ie the start of data acquisition), 
This procedure is represented in Figure 3.10. The carbon signal, S, can be 
followed as a function of time: 
The fourth xelaxation process is important to the CP/MAS experiment. 
The magnitude of the delay between pulse sequences is dependent on the rate 
of I-Spin recovery to equilibrium after the applied rf field is 
resroved. The delay required is set at three to five times the value of 
~ ~ ~ ( ~ 2 )  to allw for the full restoration of proton magnetisation. The 
value of 'PJH is obtained by an indirect method. The carbon-13 
magnetisation is followed when variable delay times, t, are inserted 
between the pulse sequences (~igure 3.8). The carbon signal height is 
. . . . . . . . . . . . a . . . . . . . . . . . . . . . .  
* The 3-parameter f i t  was tested and discarded as the results were found t o  be 
highly dependent on the values of t chosen. 
Figure 3 .l0 : Pulse sequence for measurement of T1 C. The extra delay, P3, 
is inserted. Q 
governed by: 
S = % (1 - exp (-t&) 
3 -2.4.2 Measurement of the Relaxation Time Constants 
Relaxation experiments were carried out  f o r  the simple organic 
cunpound, armronium tartrate, to i l l u s t r a t e  the methcds f o r  obtaining the  
four time constants. me spectnrm of ammnim tartrate shows tWP 
centreband resonances a t  180 ppn (carbony1 carbon) and 75 ppn (alcohol 
carbon) and associated SSB signals. me SSm of the  f o m x  signal  are mre 
praninent than those of the latter signal. 
Selected spectra f ran  t h e  three relaxation eqerimnts are shuwn i n  
Figures 3.11 to  3.14. The signal heights are plotted on a log&ithmic 
scale against t h e  relevant time variable (Figures 3.15 to 3.17). The 
proton and carbon values are calculated f ran  the  slopes of the  
best f i t  s t r a igh t  l i n e s  to the  data (Figure 3.15a, 3.16). me proton slope 
is extrapolated back to the  signal height intercept  to gain an estimate of 
S (Figure 3.15a). The data fran the  i n i t i a l  portion of the cross- 
polarisation curve are converted to residuals (SKS) which are then plotted 
on a logarithmic scale (Figure 3.15b). The best-f i t  l i n e  to these residuals 
has the slope of 1 / ~ ~ .  Care must be taken when choosing the data to ke 
included i n  the estimate of Ta. The points near the w e  mximum are 
subject to  both T a  and T l p ~  influences and w i l l  b ias  the estimate of 
T a  towards a longer time constant. 
The proton T1 is estimated according to equation 3.31. The residuals 
are calculated from the  estimate of SM, obtained £ran the  f l a t  area of the 
signal height curve (Figure 3.17al. Therefore, it is important to include 
data f o r  long delay t imes so that the height of the fully relaxed signal  
can be rwasured. The slope of the  residual logarithmic p l o t  (Figure 3.17b) 
is then l/%. 
The relaxation tim3 wnstants  measured f o r  arnnonium tartrate are 
sumnarised in  Table 3 .1. The relaxation behaviour varies f o r  the two 
carbon types, with similar TLH and ~1 p H values, but d i f ferent  Tm and 
Tqc constants. Variabi l i ty  has also been found i n  the  relaxation 
parameters of carbon signals  i n  the coal spectra. This w i l l  be studied i n  
Chapter 7. 
Figure 3.11: Relaxation experiment for the masurement of the m d u e s  of 
m n i u r n  tartrate. Spectra obtainedwith D 1  values a) 0.03 S, b) 0.05 S, 
C )  0.08 S, d) 0.12 S, e) 0.2 S, £ 1  0.5 S. 
Fiqure 3.12: Relaxation experiment for the measurment of-TCH. Spectra 
obtained with P2 values of a) 0.1 m, b) 0.2 m, c) 0.5 m. 

Fiqure 3 -14: Relaxation experiment for the measuranent of 'Q Q C. Spectra 
obtained with P3 d u e s  of a) O . O l m s ,  b) O . l m s ,  c) 0.3 m, 
d) 0.75 m, e) 1.2 m, £ 1  2.0 m. 
10 20 
P2 (ms) 
Figure 3.15 : Measuranent of 'Q Q H and Ta values. a 1 Slope = 1/T1 Q H, 
determination of SM values, b) residuals plotted, slope = 1 / ~ ~ .  Data 
for signals at 180 ppn (open symbols) and 75 ppn (solid symbols). 

P3 ( m s )  
Figure 3.16 : Measuranent of Tl C values. Slope = l& Q 
Figure 3.17: Measurement of values. a) ~etermination of SM values, 
b) plot of residuals, slope = l&. 

TABLE 3.1 : RELAXATION C D N S T W  FOR NW3NIIP1 TARTRATE 
(a) Standard deviation 
values are dependent on the RF fields used. 
'1~' T l ~ ~ '  Tl?~ 
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T ~ H  (S) 
T1Q H (-1 
T a  (m) 
Tlpc  (m) 
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Coal Samples 
This study includes fifty-seven New Zealand coals, ms3y 
wrun-of-minen (ROM), but supplemented by dri l lhole samples, particularly of 
higher rank coals. Ten samples f r m  Australian coalfields were a l so  
studied t o  provide a canparison with overseas coals. 
4.1.1 New Zealand C o a l s  
The deta i ls  of the samples are l i s ted  in  Table  4.1. The data inc l lde  
a sample number and name which w i l l  be used to label each sample thrallj'-.xt 
th is  study, together with associated sample codes, and location de t z i l s  
including the coalfield: 
The samples w e r e  obtained £ran two main sources. i) D r  R. B. Fiel5es 
of Industrial Processing Division (IPD), DSIR donated l igni te  m d  
s u b b i t ~ n o u s  samples that  had been the subject of a f a s t  pyrolysis 
s tudy( l ) .  f i) CRA donated analyses residues; ie the reminder of sarrples 
a f t e r  sufficient coal had been subjected to analysis. I n  additlo?, 
Professor Black of the Geology Department, Auckland university, d o n a t e  a 
geological sample from the Fox river rmuth area which has attained the rznk 
of semianthracite. 
Proximate analysis has been carried out on all of the residue sw%les 
f r m  CRA and on many of the  other 'samples. The CRA samples had all '= 
air-dried prior to study by NMR. Therefore, their  mis ture  content shc-Ad 
remain fa i r ly  stable(2).  The remaining samples e r e  ana lysd  for Eyl-ir 
"as-received" moisture contents close to the time of iiMR analysis. 
Three subbituminous samples and f ive  l igni te  samples do not 3ave 
proximate analyses other than moisture and ash contents. The proper-zes 
were approximated, where possible, by the average of five years of analysis 
for  the same mines carried out by CRA in  their  sampling p r o g r m ' ; ) .  
Representative bed mis tures ,  and sane other proximate data, for  :he 
ligrlites Mere obtained frcxn the Liquid Fuels Trust  Board (LFIB) 1igrLte 
survey(4). 
The coal samples from IPD, and selected samples f r m  CRA, have 'keen 
subjected to ultimate analysis, Published ultimate analyses for  the ' 9- 















































































CRA drillhole, acmposite sample 
RCM, Idaburn o/c mine, Hane Hills Field. 
October 1982 
M ,  Harliwich o/c mine. (rncpherson) 
RCM, Harliwich o/c mine (MacPherson) 
CEW drillhole 2086, clanposite of CEW 24/454, 
463, 481, 494, 510 
Face sample, NZ Paper Mills o/c mine 
Face sample, disused o/c mine (Ashers Siding) 
m, Newvale o/c mine - May 1982 
ROM, Newvaleo/cmine-October1982 
Face sample, Gwdwin o/c mine, Seam 5 
Face sample, Goodwin o/c mine, Seam 6 
- 
FUN, Wangaloa o/c mine, Kaitangata Field 
- October 1982 
m, Kai Point o/c mine, Kaitangata Field 
- October 1982 
M, Braziers o/c mine (Nightcaps), 
Ohai Field - October 1982 
K M  Kopuku o/c mine, Maramarua Field, 1982 
3m vertical channel sample,_ ~irongia 
(Okoko Road) o/c mine 
CRA drillhold 9x0, 1982 - Waikare Field 
ROM, Garden Creek o/c mine, Greymuth 
ROM, Weavers o/c mine, 1981 
"Nut Graden, Squires Creek mine, Ohura 
L 
NtMBER 







































Is land Block 
Strongmm 








































Mahons o/c mine, Rotowaro 
Maori Farm State o/c mine, Rotawaro 
Waipuna S t a t e  o/c mine, Rotowaro 
Face sample, R. Farnsmrth (Valley Ool l ie r ies )  
mine 
"Peasn, Ohura Collieries, Ohura 
Face sample £ ran  mine dr ive ,  Huntly East u/g 
mine, Huntly 
3.5m v e r t i c a l  channel (full seam) £ran dr ive  
of No. 1 intake,  Huntly West u/g mine, Huntly 
"Peasn, Heaphy's o/cmine, Bul ler  
ROM, Terrace u/g mine, Reefton 
ROM, Wairakei, Morley and No. 16 o/c mines 
- October 1982, Ohai F ie ld  
Coals 
ROM, Mulken (Burkes Creek) u/g mine, Reef ton 
m, Snowline u/g mine, Greymouth 
ROM, Alpine y/g mine, Greymouth 
ROM, I s land  Block Sta te  o/c mine, Reefton 
ROM, Strongman State u/g mine, Greymuth 
m, Kiwi q/g mine, Greymouth 
ROM, Topline u/g mine, Reefton 
ROM, Harrisons u/g mine, G r e p u t h  
ROM, Moody Creek mine, Greymouth 
ROM, Echo u/g mine, Reefton 
FCM, United u/g mine, Greymouth 
ROM, Charming Creek mine, Seddonville area, 
Buller 
m, Escarpnent Sta t e  u/g mine, Damiston area 
Buller 
ROM, Liverpool S t a t e  u/g mine, Greymouth 
- 
ROM = run of mine 
u/g = underground 















(a) Samples donated by Dr R. B. Fieldes (Industrial Processing Division, S I R )  
(b) Samples donated by Coal Research ~ssociation (Incl 
( C )  Samples donated by Professor P. M. Black,  Geology Department, 
University of Auckland 



































m, Webb State o/c mine, Stockton area, 
Buller 
Baynes Block, "Buller Drilling Programn, 
drilling hole 1214, ampsite 
Same program as number 46, but d g  2 
canposite 
Mix of ROM frm Webb/Stockton mines, Buller 
- October 1983 
EEOM, Stockton No. 2 mine, Stockton area, 
Buller - October 1983 
nStockton No. 2 and Rockies Drilling Programw 
m, Sullivan State u/g mine, Denniston area, 
Buller 




Same program as nllmber 46, but o/c 1 canposit€ 
Rockies sample frm same drilling program as 
number 50, but drill hole 1255, c~lrposite 
Same as number 55, but drillhole 1265 
-site 




include R. P. Suggate' S work on the properties of New Zealand coals(5 ) and 
a recent study by V. Gray on New Zealand ooal quality(6). The ultimate 
analyses are also tabulated in Appendix 1. 
The ASTM rank determinations of the samples were mde following the 
approximate P m  formula (Equation 2.2) using the mineral matter to ash 
factors of ~ra~(~). Ihe specific energy, ash and sulphur aontents were 
converted firstly to a dry basis then recalculated to a bed mist basis. 
The bed mistures were represented by the M C  of higher rank coals and by 
the as-received mistures of the lawer rank subbituminous coals. The 
lignite bed moistures were assumed to be the quantities reported by the 
~sre(~). The specific energies, on a Eamf basis, are given in lsble 4 -2 
with the corresponding ASTM rank classification. The rank classification 
for the same mine, cdlculated by Gray using the British standard for the 
W specific energy, are also tabulated for canparison. 
It can be seen that there is general agreement on the classifications. 
Differences that occur at the borderlines of sane group6 can be accounted 
for by sample variation. The only major difference is apparent in the 
lignites. Gray classifies all (except Idabum) as being of lignite A rank. 
In this study, only three of the Waimumu samples are assigned to the 
lignite A category which is consistent with the LFTB results(4). This 
discrepancy may be caused by the different methods enrployed for deriving 
bed mistures. Gray used the was-sampledn mistures which, if they are 
represented by the results of the CRA five year analyses(3), are less than 
the LFTB bed mistures, particularly for the Central Otago lignites. 
4.1.2 Australian Codls 
The suite of Australian coal samples includes bm brown d s  fran the 
Latrobe Valley and eight black coals from Queensland and New South Wales. 
The majority of the samples were donated by Dr D. G. McGavin of Chemistry 
Division, DSIR. The samples are described in Table 4.3. 
Proximate analyses have been carried out on sane of the samples. 
Proximite and ultimate data for the Latrobe Valley coals were obtained fran 
published reports(7'9), including the reports of the State Electricity 
Carmission (SEC) of Victoria. The majority of the analysis data for the 
black coals are f ran the Joint and Queensland Boards' (JQCB) reports on 
Australian black coals, first published in 1976 but later revised in 
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Lig B  
L i g B  
T l i g ~  
Lig  B  
Lig  B  
L i g B  
Lig B  
L i g B  
Lig A 
Lig  A  
Lig  A 
S u b C  
S u b C  
S u b C  
S u b C  
S u b C  
S u b B  
S u b B  
S u b B  
S u b B  
S u b B  
S u b B  
S u b B  
Sub A 
S u b A  
S u b A  
Sub A  
S u b A  
S u b A  































L i g B  
L i g A  
Lig A  
Lig A  
L i g A  
- 
L i g A  
Lig A 
Lig A  
Lig A 
S u b C  
S u b C  
S u b C  
S u b C  
S u b C  
- 
S u b B  
S u b B  
S u b B  
S u b B  
S u b B  
S u b B  
Sub B 
S u b B  
S u b A  
Sub B 
S u b B  




















































































































































(a) Bed Moistures fran r e m  
( b 1 See Appendix 1 
( C )  Method for estimating bed misture (see text) 
C 
- 

























































































































































































































































































p p  
TABLE 4.3 
l (a) Donated by Dr D. E. Rogers 
(b) Donated by Dr D. G. McGavin 








































Momdl mine, Latrobe Valley. Drum 289, 
100 tonne bulk sample, 1979, SEC, Victoria 
Lay Yang Field, Latrobe Valley Bore LY1277, 
67-68 metres 
IMM Great Northern seam, Newvdle Colliery, 
Newcastle Field, Sydney Basin, NSW 
m, Wallarah seam, Wallarah Oolliery, 
N~~castle Field, Sydney Basin, NSW 
ROM, Liddell seam, Foybrook o/c Colliery, 
Singleton-Muswellbrook Field, Sydney Basin,NSR 
IMM, Tangorin seam, Great Greta Oolliery, 
S+ Field, Sydney Basin, NSW 
RCM, Bulli seam, w i n  Colliery, Southern 
Field, Sydney Basin 
Wongawilli seam, Huntly Colliery, Southern 
Field, Sydney Basin, NSW 
Big seam, Blair Athol  Field, Central 
Queens land 
1 
Yarrabee seam, (Baralaba) Bowen Basin, 
Queensland 
(a) Reference 4.10 
( b WAsh factor of 1.04 ass- 
(c) Assumed PM = 1.13 AD 1 
(d) Mineral mtter analyses (Reference 4.10) 









































































































and JQCB reports, the averages of the data have been transposed to this 
study. The proximate and ultkte analyses are tabulated in ?@pen& 2. 
4.2 Instrumental Procedures 
4.2.1 Sample Preparation 
The sarrrple capacity of the solid state NMR apparatus is less than 
0.5~~. The average coal particle size must therefore be snall in order to 
reduce the risk of studying a non-representative sample. The samples 
obtained fran CRA were already prepared to a particle size of less than 
2 0 0 ~  . Other samples were crushed, using an agate pestdl and mrtar, and 
seived to the same size. 
Approximately 0.39 of sample was packed into a Kel-F 
(polytetrafluoroethylene) rotor, which has a l m  diameter (Figure 4.1). A 
machineprecision press with a cylindrical plunger was used to ampress the 
sample under a weight of approximately 500kg(n). m e  small particle size 
facilitates uniform packing of the coal but occasionally samples lacked the 
cohesion necessary to withstand the high frequency spinning. A layer of 
boric acid was capacted on top of the coal to ensure that the sample did 
not break apart. This provided a smooth, hard surface that rarely cracked 
during spinning. 
4.2.2 The NMR Operating Procedures, 
The rotors rere spun on an air cushion, using air pressures up to 0.4 
MFa, in the standard CP/MAS probe of a Varian XL-200 NMR spectraneter. The 
standard spinning frequency of 2.5 - + 0.1 IcHz was chosen for reasons 
including the fact that this was the maximum spinning speed that could be 
routinely achieved with the available air pressures. The advantage of this 
choice will be discussed in the next chapter. 
Tuning of the NMR instrumentation (calibration of the Hartmann-Hahn 
match and the pulse width PW) was performed following standard equipment 
tests using hewmethylbenzene (IPuIB). These testswere carried out before 
each tWR session to ensure that the spin-locking field was mintained at a 
consistent strength. Relaxation experinrents must be carried out under 
identical spdzaneter conditions for the results to be cnmparable. Fbr 
ewnp?le, "a change in the spin-locking field strength or a change in the 
Imperatwe can alter rl"(12). Chenical shifts were scaled according to 
the external tetramethylsilane (?MS) standard. The methyl signal 
( 17.4 p p )  of m was used as a secondary re£ erence(l3 ) . 
Figure 4.1: Shape and position of rotor within stator with respect to the 
applied r£ field. 
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The t w o  CP/MAS pulse sequences of Figures 3.8 and 3.10 involve several 
operating settings which must be optimised, namely: 
i . P1 = the proton "9O0yW pulse 
ii. P2 = spin-lock/mntact tinre 
iii. D1 = delay/recycle time 
iv. AT = decouple/acquisition t ime 
v. P3 = second delay 
C. 
P1 is set to the same value as the pulse width (W). The values of 
P2, P3 and ~1 were chosen following the results of extensive relaxation 
experirrwts (see Chapter 7). !The optimum contact time must satisfy the 
condition: 
TCH <P2 < TlQ H l4.11 
and was chosen to be Ims. This value is identical to that used in studies 
on igwican(l41B) and British(l6) cmls. Fbr example, mdley and F'yfe(17) 
fitted theoretical expressions to the magnetisation curves and found only 
small dwiations between the aptimised parameters and the results for a lms 
contact t ime ,  
The acquisition time must be greater than 20% of the follwing delay. 
The mjority of spectra were obtained with 15ms of data acquisition 
followed by a delay of 0.15s (lignites and subbitdnous), 0.2 to 0.9s 
(bituminous coals) or 0.4s (senianthracite) which w e  found to be adequate 
for the recovery of proton magnetisation. 
The P3 term was set to zero except when the spin-locking pulse 
sequence (Figure 3.10 ) was used to nreasure T1 Q C. 
The transmitter was placed near to the centre of the coal spectrum 
(ie 100 p p )  and free induction decays were zero filled to at least 4K 
before Fourier transformation. !The spectral width (SW) was set at 40 kHz. 
This provided ample baseline on both sides of the signal envelope to allow 
for phase adjustment of the spectrum. 
The nwrber of CP sequences averaged (ie the n&r of transients W) 
varied according to the detail required and the magnitude of the line 
broadening functions applied to the spctrm. Standard spectra (NT > 5000 
were broadened by the application of a sensitivity enhancement function 
consisting of the product of an exponential decay curve (time constant SE, 
of 20ms and a Gaussian apodisation function (time constant W, of 10ms). 
48 
O t h e r  ambinations of broadening functions (S*-2 to 10ms) were used in 
relaxation experiments so that signal heights could be measured after the 
accmuhtion of 500 to 2000 transients. 
Resolution-enhanced (RE) spectra were produced by a mrenztian-to- 
Gaussian transformation(l8) involving an exponentially increasing function 
(time constant Re of Ims) and a Gaussian curve (AF of a). These t i m e  
constants w e  chosen af ter trial-and-error testing (U ) . 
4.2.3 Canputation of Relaxation Parameters 
The graphical methods for masurernent of relaxation parameters were 
described in the previous chapter. To perform least squares measurements 
to the logarithmic data for each sample would be very tjlr~.oonsrmtin~(fl). 
In practice, an appropriate exponential curve is fitted to the raw data 
( ti , hi ) where ti is the ith recovery interval and hi is the signal height 
corresponding to ti . The program FTF'IT, developed by Dr R. ~ahs.r(l~ 1, is 
used for this purpose. FTFIT "performs the direct (non-linear) least- 
squares analysis of spin-relaxation m~urements"(~~), to obtain an 
estimate of the relaxation times. Three types of curves can be fitted to 
the experimental data. The saturation-recovery Fourier transform ( SRET 
curve, given by equation 3.31, is fitted to the signal height data of T ~ H  
relaxation experkwnts. The ~reernp-Hill modification of inversion- 
recovery (m-IRFT) curve, represented by equations 3.29 and 3.30, is used 
to fit the data for TLQ C and q p ~  estimation. In the latter case, the 
choice of appropriate experimental signal heights is mst important. 
Figure 4.2 shows the results of a variable contact time (P21 experiment for 
a lignite. If points at the maximum that are still influenced by cross- 
polarisation are included in the curve fitting, the slope would be 
depressed resulting in an apparently long time mnstant. Contact t k  
intervals greater than, and including, l m s  were used consistently for the 
Tlp~ estimation, 
The cross-polarisation time constant TCH was the only parameter 
estimated by the manual least squares 'fit methods described in the previous 
chapter, 

4.2.4 Measurmnt of the @rent Aramaticity 
The armaticity, fa, is defined as(l1): 
fa = (C in ara~tic rings)/(l'otal C) 
An estimation oE fa can be obtained £ram the standard coal spectra by 
defining a boundary between the aramatic and aliphatic bands. The area on 
either side is integrated by the "cut-and-weighn method. Figure 4.3 shows 
the spectrum of a subbituminous coal divided in this way. A vertical line 
is positioned at 65 pp, which is coincident with the minimum between the 
two signal envelopes. This simple approach includes several systematic 
errors which will be discussed in Chapter 10. Therefore, the ratio is 
redefined as the "apparent aramaticity, fa'"; 
fa' = (signal area >65 pp)/Total Signal Area f4.21 
The experimental procedures and parameters described in this chapter 
are those that will be used throughout the NMR study. Many other 
instrumental and chemical mthods were also qloyed for particular 
purposes but, for ease of reference, the experimental details are included 
in the relevant sections. 
fa' 
Figure 4.3: Standard CP/MAS 1 3 ~  spectrum of Squires Creek subbituminous 
coal showing the division at 65 p p  into aliphatic and armtic signal 
areas. 
R. B. Fieldes, P. J. Gromenor, J. B. Grey, K. H. Ducborth and 
B. A. Ford, Report IPD/TS0/2013, Industrial Processing Division, DSIR, 
NZ (1983). 
V. R. Gray, NZERDC Report - 97, (1983). 
CRA, "Analyses of Industrial Coals, 1978-1982". 
R, J. H o o p e r ,  C. J. MdCenzie and D. F. S. Natusch,  ignite as a 
Source of Liquid Transport Fuels in NZn, Report LF 2028, Liquid Fuels 
Traust Board (1983). 
R. P. Suggate, NZ DSlR Bull. 134, (1959). 
V. R. Gray, "The Quality of New Zealand Coals", sub. Adv. C o d  m. 
-1. Geochm., (1984). 
State Electricity Carmission of Victoria, "The Variation of Latrobe 
Valley Brown C&. Properties and Utilisation Parameters with 
Lithotypen, Report 342, (1977). 
State~Electricity Carmision of Victoria, "The Properties of Erown 
Coals form the Latrobe Valley - Results of Analyses and Testsn, 
Report 357, (1978). 
J. B. Agnew, W. R. Jackson, F. P. Larkins, D. Rash, D. E. Rogers, 
P. Thewlis and R. White, -- Fuel 63, 147 (1984). 
10. Joint Coal Board and Queensland Coal Board, "Australian Black Codsn, 
(1979). 
11. R. H. Newman, S. J. Davenport andR .  H. Meinhold, Report CD2346, Chern. 
Div., E I R ,  m (1984) (Appndix 8.1). 
12. L. B. Manany, D. M. Grant, R. J. ~ugmire, T. D. Alger and K. W. ~ilm, 
J. Am. Chem. Soc. 105, 2133 (1983) 
13. W. L. =l and D. L. Vanderhart, Macrcxnolecules 14, 570 (1981). 
14. M. J. Sullivan and G. E. Maciel, Anal. Chem. 54, 1615 (1982 . 
15. P. C. Painter, D. W. Kuehn, M. ~tarsinic, A. mvis, J. R. Havens and 
J. L. Koenig, Fuel 62, 103 (1983). 
16, K. J, Packer, R. K. Harris; A. M. Kenwright and C. E. Snape, -- Fuel 62, 
999 (19831, 
17. R. L. .Dudley and C.. A. Fyfe, Fuel 61, 651 (1982). 
18. A. G. Ferrige and J. C. Lindon, J Maq. R e s .  2, 337 (1978). 
19. R. A. Palmer, Report CD 2335, Chern. Div., S I R ,  NZ (1983). 
5.0 SIGNALS IN THE 03AL SPEm"RA 
5 .l The Codl Spectnrm 
Standard 13c B/MAS spectra of four cuals of increasing ASM rank 
are shown in Figure 5.1. The spectra can be divided into five regions with 
boundaries defined by the minim between distinct spectral envelopes. The 
main centreband signals are contained in divisions B and D. The B-division 
contains signals assigned to sp3-hybridised carbon. The Bdivision 
contains the signals assigned to sp2-hybridised carbon, including aranatic 
carbon. 
The remaining bands of signals are daninated by the SSBs of the 
sp2-hybridised carbon. ~ivision E is daninated by the high-frequency (high 
pp) SSB signals. Divisions C and A contain the first- and third-order 
low-frequency ( low p) SSBs, respectively. 
l 
The divisions illustrate the major advantage in choosing the .routine 
spinning frequency to be 2.5 - + 0.1 kHz. This frequency produces an SSB 
spacing of 50 5 2 ppn on the chemical shift scale. The strongest signals 
of the aliphatic and armtic bands are approximately 100 p p  apart. 
Therefore, the first order law-frequency SSB signal is observed in the 
centre of the gap between the centreband envelopes. However, the second 
- .  
order law-frequency SSB is obscured by the aliphatic band in division B. 
- 
It will be dmnstrated in Chapter 9 that the hidden signal represents 
approximately 9% of the intensity assigned to a m t i c  carbon in the 
spectrum of a high rank 4 (Fox River). 
The rate of sample spinning in the ideal situation would be such that 
the first order law-frequency SSB is positioned in division A. Elmever, 
the required rotation rate would be greater than 6.5 kHz, which is 
impossible w i t h  current equipnent. Spinning frequencies between 6 .S and 
2.5 kHz (if routinely attainable) would place the large first order SSB in 
division B. Itnrs, a spinning frequency higher than 2.5 kHz would cause a 
greater werlap of aranatic and aliphatic signal intensity. 
The choice of the 2.5 kHz spinning frequency is practical, not only 
£ran a technical point of view, but also in order to lMximise the 
simplicity of the spectrum. 
300 200 G ( p p 4  100 0 - 100 
Figure 5.1: Standard 8 h l W  I ~ c  EPlR spectra of coals divided in to  five 
chanic .1  s h i f t  regions (see text). a) Fox River (sal, b) Escarpnent 
( h v ~ b ) ,  c) Kopuku (sub) and d) Ashers Waituna (lig). 
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Assiqnment of Okemed - Signals 
There are m y  overlapping signals in the NMR spectrum of W. The 
signals are not always clearly resolved which hinders the identification of 
their positions on the chemical shift scale. m e  spectra are resolution 
enhanced (E) to improve the separation of the signals. This process does 
not conserve relative signal areas and therefore cannot be used for 
quantitative NMR, The signal-to-noise ratio (SDI is lowered but the 
resultant improvmmt in signal detail is evident when Figure 5.2 is 
canpared with Figure 5.1. The signals observed in the RE spectra have been 
assigned according to the large quantity of 1% chemical shift data(e9 
1-51 tabulated in the literature. 
5.2.1 Signals of Aliphatic Carbon 
The signals between 0 and 50 ppn are assigned to aliphatic carbon 
functionalities, The chdcal cunpnents of plants; sumnarised in 
Chapter 2, contain m y  types of aliphatic structures, including straight- 
or branched-chains and cyclic structures. In addition, aliphatic 
structures m y  be present in the coal as groups attached to unsaturated 
carbon (aranatic rings, alkene derivatives) and heteroatan-substituted 
carbon. Carbon-13 chemical shifts of d e l  carpounds for these types of 
aliphatic structures are listed in ~ables -. 5.1 and 5,2(lr*). These simple 
structures will not be present as distinct entities in the coal mtrix but 
they do show clearly the trends in signals of aliphatic carbon discussed by 
S n a p  et al(3) and Ward and B ~ . r n h a m ( ~  1. 
The main signals observed in the division B can be assigned to certain 
carbon functionalities. The peak that occurs between 14 and 16 p p  is 
consistent with the terminal rrrethyl groups of aliphatic chains. The series 
of -1 substituted benzenes (Table 5.2) s h m  that the chemical shift of 
the methyl carbon renains relatively constant at a position or further 
fran the a m t i c  ring(3). The signal centred between 20 and 24 p p  
includes contributions £ran aathylene carbons of aliphatic chains. 
Signals of rrrethyl groups of branched structures, and those substituted onto 
ring systaus, muld also occur in this chemical shift region. 
l The main structures contributing to the signals between 27 and 34 p p  
are the interior methylene carbons of alkyl chains and cyclohexane rings. 
The signals observed between 35 and 42 p p  are consistent with carbon in 
Fiqure 5.2: Resolution-enhanced spectra of the coals (samples as for 
Figure 5.1) shwing improvement in signal detail. 
TABLE 5.1 : CHIMICAL SHIFTS OF ALIPHATIC CARBON ( i ) 
TAmX 5.2 : m C A L  SlIFE OF ALIPHATIC CARBON (ii 1 
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methylene groups adjacent to ring systems or heteroatcan-substituted 
carbons. Signals from the methine carbon of branched aliphatic chains are 
also found in this chemical shift region, 
Few of the simple structures shown in the tables exhibit signals in 
the 46 to 50 p p  chemical shift region. Snape et al(3) predicted that the 
methine and quaternary carbon of highly branched derivatives (particularly 
those in the vicinity of an armtic ring) would exhibit signals in this 
zone. 
5.2.2 Signals of Other ~p~-~~bridised - Carbon - --- 
Signals of S$-hybridised carbon bonded to oxygen, nitrogen and 
sulphur may also contribute to the coal spectrum. Examples, and a sumnary, 
of aliphatic C-X chemical shifts are given in Table 5.3. Most of the 
signals of oxygen and nitrogen substituted carbon will occur in division C. 
Therefore, the signals will be obscured by armtic SSB signals, unless the 
f o m r  are particularly intense. For example, the spectrum of Ashers 
Waituna lig;ite (Figure 5.2d) exhibits two signals in this chemical shift 
region (56 pp, 74 pp) that cannot be assigned to SSB signals. It is 
likely that these signals originate £ram aliphatic alcohols and ethers, as 
oxygen is Ear mre abundant than nitrogen in low rank coals. 
The signals of S-substituted sp3-hybridised carbon are generally 
observed at chemical shifts similar.to those of alkane-carkn. The organic 
sulphur content of coals is small. Therefore, any signals of carbon 'conded 
to sulphur will not be significant in camparison with the hydrocarbon 
signals. 
5.2.3 Signals of Armtic Carbon 
The signals in division D are mainly assigned to aromatic carbon 
bonded to hydrogen, carbon and oxygen. The signals of armtic -ca.rbon 
bonded to hydrogen generally occur at chanicil shifts less than 130 p p  
(Table S. 4 . The signals of a m t i c  carbon bonded to an alkyl group are 
found at frequencies higher than 135 ppn. The signals oE ring j~lnction 
carbons in polycyclic aromatic systems occur at chemical shifts 
intermediate between the signals of benzene and a w l  substituted armtic 
carbon. 
The effect of heteroatom substituents on the chemical shifts of 
TABLE 5.3 : C - X (XEMICAL SHIFTS 
Table 5.3a - Examples 
Table 5.3b - Sunnary 
TABLE 5.4 : CHEMICAL SHIFTS OF zmoMATIC CARBON 
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armtic carbon is darronstrated by the -1es given in Table 5.5. The 
signals of 0-substituted -tic carbon are found at the highest chemical 
shifts. The signals of aranatic carbon adjacent to the 0- and N- 
substituted carbon are shifted to positions luwer than 120 p p .  The 
chemical shifts of S-substituted armtic carbon are similar to those of 
the R-substituted aromatic carbon (Table 5.4). Once again, the signdls of 
N- and S-substituted arcmatic carbon are unlikely to be observed because of 
the werlap with the positions of signals of other ara~tic carbon and also 
because of the low abundance of N and S in coal. 
The strong signal observed at approxhmtely 154 p p  is consistent w i t h  
the chdcal shifts of 0-substituted aranatic carbon. The signals betwen 
140 ppn and 150 p p  can be assigned to either R- or O-substituted carbon. 
Signals at chdcal shifts below 130 p p  can be assigned to H-substituted 
aranatic carbon. The signals that are observed belw 120 p p  are assigned 
to armtic C-H groups in highly substituted ring system. 
5.2.4 Signals of O t h e r  ~~~-~~bridised Carbon 
Structures not mnsidered in the previous section include 
sp2-hybridised carbon in alkenes and in unsaturated heteroatan derivatives. 
The chemical shifts of alkene-caxbon (Table 5 -6) are similar to those of 
armtic carbon. The carbons in carbony1 functionalities give signals in 
division E; ie will overlap with the high-frequency SSB signals of the 
aranatic bands. The chemical shifts of the analogous sulphur and nitrogen 
functionalities (Table 5.6b) are intermediate between the chemical shifts 
of alkene and carbonyl derivatives. The signals of carbon in unsaturated 
heterocycles are found at similar chmical shifts to the signals of 
substituted ara~tic carbon. 
It is unlikely that the signals of non-aranatic S$-hybridised carbon 
could be detected in the coal spectrum as they would be obscured by the 
wide range of signals assigned to a m t i c  carbon. The carbonyl signals 
are the exception to this generalisation. A large amount of intensity in 
division E, which could not be assigned to SSB signals alone, muld 
indicate the presence of significant quantities of carbonyl functionalities 
in the coal, For example, the lignite spectrum (Figure 5.2d) exhibits an 
SSB signal, at approximately 180 ppn which is large in camparison with m e  
main a m t i c  signal (128 ppn). In contrast, the corresponding SSB signal 
in the subbituminous spectrum (Figure 5 . 2 ~ )  is mller than the main 








c-l O r t h o  Meta Pata 
155.6 116.1 130.5 120.8 
159.9 114.1 129.5 Nos 
147.9 116.3 130.0 119.2 
151.3 113 .l 129.7 117.2 
130.7 129.2 128.8 125.4 
138.9 126.9 129.1 125.1 
r 
TZ4ET.Z 5.6 : CEEMtCAI, SHIFTS OF CYIHER sp2 HYBRIDISED WN 
Table 5.6a - Examples 
Table 5.6b - S- 
"n" represents the appropriate substitution pattern for 
the particular nucleus 
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aranatic signal. This trend suggests that a substantial carboxylic acid 
signal is present under the SSB signal in the lignite spectrum. 
The signals observed in the coal spectra have been assigned to general 
carbon functionalities following the chemical shift trends of simple 
organic canpunds. There are many chemical shift regions where signals 
could have several assignments. These ambiguities may be solved by 
studying the plant amponents that must have been present in the original 
peat and, therefore, m y  make a recognisable contribution to the oodl 
Spectnrm. 
5 -3  Oriqin of Signals 
The roles of lignin and cellulose in the formtion of coal have been 
the. subject of debate(6) . Both lignin and cellulose may contribute to the 
spectra of Australasian coals, particularly as these coals are thought to 
have predaninantly terrestrial origins (see Chapter 2). An extracted 
lignin and a cellulose sample were studied by B/MAS M .  
5.3.1 The Spectrcnn of Kauri Liqnin 
A Klason lignin was isolated fraqKauri wood following the procedures 
described in Tappi Standard Method, T-13m-54. A sample of Wiley-milled 
(40 mesh) wood was initially extracted for 6 hours with an ethanolhenzene 
mixture, to remove resins, fats and waxes. This treatment was followed bp 
digestion in water at 373K for 3 hours. The cellulose was rmved by acid- 
extraction in 72% sulphuric acid for 2 hours at 291-293K. The acid was 
then diluted to 3% and refluxed for 4 hours. The lignin residue was washed 
and air-dried at 378K. 
The RF: spectrum of the Klason lignin is s h m  in Figure 5.3. Kauri 
is an example of a softwood and wuld therefore be expected to contain 
large amounts of guaiacyl-type lignin units (Chapter 2). The strong signal 
at  56 ppn is assigned to the aryl~thoxyl carbon(7-9). The signals of the 
propyl side-chain are found on either side of the methoxyl signal. Oxygen- 
substituted side-chain carbons achibit signals between 60 ppn and 90 p p ,  
which overlap with SSB signals. The broad band of signals at chemical 
shifts less than 50 p p  is assigned to unsubstituted side-chain carbon. 
Figure 5 -3: R.E. Spectrum of Klason lignin f ran Kauri d. Structure is 
of a guaiacyl-type lignin unit. 
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The siqnal at 134 p p  is assigned to the C-l ring carbon which is 
linked to the side chain. The signals of unsubstituted ring carbon appear 
between 100 p p  and 130 ppn. The SSm of these signals are observed at 
chdcal shifts greater than 150 ppn. 
The strong signal at 148 ppn is assigned to the C-3 carbon of the 
guaiacyl lignin unit which is not significantly affected by etherification 
at c-4(1° l1). The signals of the C-4 carbon would be found at 153 p p  
and 146 ppn, in 84-4 etherif ied and non-etherif ied units, respectively. 
The non-etherified C-4 signal is not visible as a distinct peak but 
probably contributes to the strength of the signal at148 p p .  There is no 
signal at 153 ppn. The absence of etherified guaiacyl units is consistent 
with the results of Leary et al(ll) who found that a larqe proportion of 
0-0-4 linkages in lignin are hydrolysed by the acid treatment. 
l The Klason lignin represents the "portion of the total lignin which is 
highly pol-ised in the original uaod and which remains polyrrerisedn(~) 
upon acid treatment. It has been shown that the Klason method also mm- 
a significant munt of lignin-like mterial, probably in the form of 
lignans and lignin oliganers(l1). The discrepancy between the "Klason" 
lignin content and the whole+mod lignin content is large for sane 
gymnosperms(ll). Therefore, the S- of the Klason lignin may not 
represent the lignin as it occurs in-the mod. Haever, the spectrum in 
Figure 5.3 does provide evidence for the lignin origin of the signals at 
56 p p  and 148 ppn in the spectra of lignites. 
5 -3.2 The Spectrum of Cellulose 
The cellulose sample was obtained by Wileydlling Whatmm No. 1 
filter papers. The RE spectrum of cellulose is shown in Figure 5.4. The 
assigmmts of the signals have been discussed in detai1(7.12,13). The 
doublet observed at approximately 74 ppn is assigned to the resonances of 
the C-2, C-3 and C-5 carbons. The signal at 105 ppn is assigned to the C-l 
(ananeric) carbon of cellulose. The remaining signals are the sharp and 
broad canponent resonances of the C-4 (84 p p ,  89 p) and C-6 (66 ppn, 
shoulder at 63 p p )  carbon signals. The signal at 105 ppn can also be 
separated into two peaks (106 ppn, 105 ppn) with stronger resolution 
enhancaraent . 
The sharp signals are assigned to the resonances of "cellulose 
mnaners" in the "mre highly ordered enviromtm(13). This variation in 
Figure 5.4: R.E. Spectrum of cellulose and numbering of carbons in the 
mnaner  unit. 
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structural order is thought to reflect either the degree of 
crystallinity(13) (ie crystalline versus amrphous), or the rnrph01ogy(~~) 
(ie interior versus exterior) of the cellulose. 
The spectrum of cellulose indicates that the signal observed at 74 p p  
in the lignite originates £ran cellulose rmining in the d. A 
sharp signal at 105 pp, which is observed in conjunction with the peak at 
74 p p  in m y  lignite spectra, may also be assigned to the presence of 
cellulose. 
5.3.3 The Spectra of Plant Fractions 
Lignin and cellulose are not the only cmponents contained in higher 
plants. The whole wood, bark and leaves of native flora were studied. 
Four gymnosperms and t m  angiosperms were selected fran the -ern examples 
of the plant families listed in Table 2.1. 
The wuod m l e s  were sawn £ r a n  planks of dry timber. The flax %modn 
was obtained £ran the dried stalk of a dead flower head. The bark and leaf 
samples were partially air-dried and ground prior to the NMR study. The 
species chosen were the gymnosperms: 
1. Aqathis australis (Kauri) 
2. Pcdocarpus totara (mtara) 
3. Podocxxpus dacrydiodes (~ahikatea: 
4. Podocarpus trichananoides .--- (Celery pine) 
and the angiosperms: 
5. Northofaqus truncata (Hard Beech) 
6 .  Phormium tenax (NZ Flax). 
The m n  names will be used in descriptions of the spectra. 
5.3.3.1 Spectra of Wood Samples 
The RE spectra of the wad samples are shuwn in Figure 5.5. The 
cellulose signals at 74 p p  and 105 p p  ddnate the spectra and obscure 
signals frm, for example, the propyl side-chains of lignin. Therefore, 
the region between 60 ppn and 100 p p  has not been plotted. The signals at 
22 p p  and 174 p p  can be assigned to the methyl and carbonyl carbons, 
respectively, of the acetate groups of henicellulo~e(~ 1. 
The signals of lignin structures are evident in the spectra. The 
signal of methoxyl carbon at 56 p p  is strong in all of the spectra. The 
Figure 5.5: R.E, spectra of whole wwd samples, Cellulose region (60 to 
110 p p )  anitted for c l a r i t y .  a) NZ flax, b) Hard Beech, c) Celery Pine, 
d) Hahikatea, e) Totara and f) Hauri, 
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aranatic C-H and C-l linkage signals are present between U 0  ppn and 
135 p p .  The most interesting signals are those assigned to omen- 
substituted aranatic carbon. The expected chemical shifts for lignin 
units(lO) are smmrised in Table 5.7. The terminology of 
Neman et al(lO) has been adopted for describing the three mnaner types. 
The four softwood spectra exhibit a broad asymetric signal centred at 148 
pp. This signal is assigned to the C-3 resonance and non-etherified C-4 
resonance of the G-unit; ie the sam! origin as the equivalent signal in the 
Klason lignin spctmm. The shoulder on the high-frequency side of this 
signal indicates the presence of substantial amounts of 8 -0-4 linkages in 
the whole wood. 
The sharp signal at153 p p  in the hardwood spectra is assigned to the 
C-3 and C-5 carbons of etherified S-units. The small signal on the low- 
frequency side of the peak at 153 ppn is assigned to the C-3 and C-5 
carbons of non-etherified S-units. The signal of the C-4 carbon, in both 
types of S-unit, is wident as a shoulder on the high-frequency side of the 
C-l signal at 134 p p .  The trend for softwuods to mntain predaminantly 
etherif ied S-units can also be seen in the results of Newman et and 
et &(U). Leary- 
5.3.3.2 Spectra of Bark Samples 
The spectra of the bark samples (Figure 5.6) are very similar to the 
wood spectra with exceptions in t w o  chdcal shift regions. The aliphatic 
carbon content of the bark is higher than that of the wood. A distinct 
signal at 30 ppn is wident in all of the spectra. Conifers contain 
quantities of resin acids in the d s  of the bark(l4) which m d  
contribute signals in this chemical shift region. Bark also contains 
suberin which is involved in the wound healing process(15r16). Suberin is 
a polymr containing a mixture of lignin-like mnaner units linked to long- 
chain lipid material. The solid state NMR spectrum of potato skin(18) 
&ibited a band centred at 32 pp, which was assigned to the methylene 
groups in the chains. The signal at 174 ppn may be assigned to the 
carboxylic esters of suberin, although this siqal, and the peak at 22 pm, 
can also be attributed to hdcellulos& 
The lignin-like units of suberin e re  found to be predaninantly 
~-type(l*). The signal at 56 ppm can be assigned to the aryl methoxyl 
carbons. The broad band observed at approximately 150 p p  in the spectrum 
T W  5.7 : m c A L  SHIFTS OF 0-SUBSTIC- CARBON 
Figure 5.6: R.E. spectra of bark samples. a) Hard Beech, b) C e l e r y  Pine, 
C )  Hahikatea, d)  Totara and e) Kauri. 
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of potato skin is similar to the signal in the spectrum of Kahikatsa bark. 
Howwer, this relatively featureless band is not assigned to high 
quantities of suberin. The bark sample was obtained from a young Kahikatea 
tree. Sane mody mterial was unavoidably included in the sample. The 
"barkn that was collected contained very little tannin (ie tms very pale in 
colour ) . Therefore, the Kahikatea spectrum does not exhibit the pair of 
strong signals at 144 ppn and 154 ppn. 
The 13c NMR spectra of tannins (proanthoqanidins) in solution have 
been analysed in detail(19-21). The prodnthocyanidins are polymers of 
f lavanols such at catechin (Figure 5.7 1. me mta-substituted phenols of 
the A-ring would contribute to the signal at 154 ppn in the bark spectra. 
The signal at 144 p p  is assigned to the ortho-substituted phenols of the 
B-ring. (This latter unit will be called a "diphenoln structure. Two 
signals at 145 p p  and 155 ppn occasionally observed in the spectra of 
Klason lignins(1° ru) were also assigned. to tannins. 
5.3.3.3 Spectra of Leaves -- 
The RE spectra of the leaves are sham in Figure 5.8. The spectrum of 
the Flax "leafn is substantially different £ran the other leaf spectra. 
The spectrum contains the signals of cellulose and hgnicellulose carbon but 
no evidence is observed for other contributing structures. The flax 
-. 
spectrum is very similar to the NMR spectra of whole grass material(22). 
The two grass species studied by Himnelsbach et al(22) contained between 
50% and 70% carbohydrate, but only 2% to 4% lignin. 
l The other five spectra of leaves are similar to the bark spectra, in 
that, the signals assigned to the tannin structures are strong. The ratio 
of the signal heights at 154 ppn and 144 p p  also varies greatly between 
-a= The major difference between the bark and leaf spectra is 
observed in the envelope of aliphatic signals. The chemical shift 
dispersion in this region of the leaf spectra is significantly wider than 
in the bark spectra. The signal at 30 ppn is the daninant resonance. 
Leaves contain substantial quantities of lipids (Chapter 2). The 
aliphatic signals can be assigned to the carbon of: 
i, The long-chains contained in the wax cx~tings of leaves(23) 
ii. Cutin (Figure 2.16d) 
iii. The cyclic structures of resin acids which are contained in the resin 
d s  of leaves(l4 ) 
iv. The phytl side-chain of chlorophyll(24) present in the leaves. 
Figure 5.7: Structure of catechin, Chemical shifts for oxygen-substituted 
aranatic carbons. 
Figure 5.8: R.E. spectra of leaf samples. a) NZ flax, b) Hard Beech, 
C ) Celery Pine, d) Kahikatea, e ) Totara and f Kauri. 
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The spectnm of the Celery Pine leaves is of particular interest. The 
shape and size of the aliphatic envelope is very similar to the 
corresponding band in the lignite spectra (Figure 5.2d). For this reason, 
the cellulose was extracted Ercm the leaves of the five higher plants so 
that the other signals could be studied in mre detail, The two-part acid- 
treatment, used in the lignin extraction(l7), was applied to the leaves, 
The benzene/ethanol treawt was not repeated as it is the signals of the 
canponents renr,ved by this treatment that are of interest. 
I 
The spectra of the extracted leaves are shown in Figure 5.9. Signals 
of residual cellulose are wident presumably because the lipid material 
provides a measure of protection £ran acid-hydrolysis. The envelopes of 
aliphatic signals are now intense in all of the spectra. The main peak is 
observed at approximately 31 pp. This signal is flanked by shoulder 
signals in a pattern identical to that observed in the lignite spectra, 
The aliphatic band in the .spectrum of Beeeh leaves is significantly 
narrower than the arresponding signal in the softwood spectra. This 
observation suggests that the lipid oontent of the leaves of hardmod 
species contains a higher proportion of straight-chain than branched- or 
cyclic-aliphatic material, 
5.3.4 Resin Spxtra 
- 
Conifers are we11 known for their production of resins, Kauri resin 
is the most carmon local example. Significant amounts of fossilised resin 
have been found in New Zealand(14r25) and ~ustralasian axl 
deposit~(~6~27). A sample of fresh resin and a hand picked resinite 
fragment £ran Waimumu lignite (Oligocene~ocene) were studied by NMR. The 
E?E spectra are shown in Figure 5.10, 
The n~dern(~~ r 27 , 28 ) and ancient (l4 r 25 r 28-30 ) resins ( or ambers ) of 
many countries have been studied. The types of structures present in the 
resin are variable and appear to be dependent on the plant of origin. For 
example, the resin of Agathis robusta (dundathu pine/South Queensland 
Kauri) contains large amounts of abietic and ocmrmnic type resin acids but 
none of the agathic typ(14 r 27 ) . In contrast , the New Zealand Kauri resin 
was found to contain approximately 35% of agathic type resin acids(14). 
The assignments of the resin signals can be made following the 
chemical shifts of three of the four basic types of resin acids 
(Table 5.8). The strong signal at 39 p p  originates mainly from methylene 
Figure 5.9: R.E. spectra of extracted leaf samples. a )  Hard Beech, 
b) Cele ry  Pine, c) Kahikatea, d )  'Potara and e) Kauri. 
Fiqure 5.10: R.E. spectra of a) Resinite £ran Waimumu lignite and b) fresh 
Kauri resin. Structure of agathic acid shwing numbering system. 
- .  
TABLE 5.8 : CEMICAL SHIETS OF RESIN ACIDS 
a. Reference 31 1 
b. Reference 32 - See Figure 5.10 


























































































carbon. The resonances on the lw-frequency side of the min signal are 
assigned to the remaining methylene and mthyl carbons. The signals 
betseen 40 ppn and 60 p p  are assigned to methine and quarternary aliphatic 
carbon. The snallrdningsignals are assigned to the exrocyclic olefinic 
carbons and the resonances at 178 p p  and 185 ppn are attributed to 
carboxylic acid groups. 
The aliphatic envelope is not significantly altered by fossilisation, 
The main difference between the spectra of fresh and ancient resins is the 
number and intensities of olefinic resonances. The luwer frequency 
carboxylic acid signal is absent fran the resinite spectrum. These 
differences are similar to those observed by Wilson et al(29) be- the 
spectra of agathic acid and a brown coal resin. Both changes are 
consistent with the loss of the carboxylic acid group at C-14 in a 
polymxisation reaction of the diterpenoid structure(29r34) . It is thought 
that this polymxisation m y  be a photochdcally induced reaction of 
agathic acid and a conjugated dime such as that present in trans-ammic 
acid. This polyn'mdsation would produce a structure with diterpene units 
attached to a side-chain backbone. A s&lar scheme was proposed for the 
Dipterocarp resins of ~ndonesia( 30 ) . 
• The mst interesting feature of the agathic acid polymer model is that 
cyclisation at the C-8 and C-14 carboas has not occurred, despite the fact 
that the condensation is sterically This implies that the 
diagenetic conditions of approximately 30 million years ago were "extrmely 
mild* ( 29 1 
The fomtion of peat is the intermediate phase between plant 
canponents and lignite. Peat accumulation continues in low-lying areas and 
the RE spectrum of a "Kauri peat" is shuwn in Figure 5 .11. The sample is a 
canposite fran six locations in the Kahumau swamp (Northland) and has a 
ampsition of 16.0% M, 3.6% A, 63.1% C(daf), 5.0% H(daf1, 30.3% O(daf 1, 
0.6% N(daf1, i.O% ~(daf)(~~). 
Many of the features observed in the spectra of plant cnmponents are 
also recognisable in the peat spectrum. The cellulose signals between 63 
p p  and 105 ppn are strong but are greatly reduced in intensity in 
canparison with the wood, bark and whole leaf spectra. The presence of 
softmod lignin structures is indicated by the broad asyrmretric resonance 
Fiqure 5 -11: R.E. spectrum of a K a u r i  peat fran the Kahumau swamp, 
No- 
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centred at 147 pp, and the aryl-methoxyl signal at 56 pp. The aliphatic 
envelope resembles that observed in the extracted Kauri leaf spectrum, The 
signals at 39 p p  and 45 ppn are stronger in the peat spectrum which may 
reflect a Kauri resin contribution to the pat. The pair of tannin signals 
at 144 p p  and 154 p p  are not evident in the spectm but my be obscured 
by the broad lignin band in this chemical shift region. 
5.3.6 Discussion -
The spectra of four lignites, two from Central Otago and two from 
Southland, are shown in Figure 5.12. The similarities between the lignite 
and the peat spectra are evident; the main difference being the size of the 
cellulose contribution to the spectra. Hwever, the m u n t  of cellulose 
remaining in the lignites is also variable. 
The fate of the cellulose content of the vascular plants in the -t 
swamps has 'ben a subject of many studies. The loss of cellulose during 
early diagenesis (37r38 ~ 3 9  1, and consequent enrichment of lignin, is of ten 
given as evidence for the non-involvement of cellulose in the aalification 
process(40 1 . The cellulose may not be qletely remved f ran the young 
coal and may contribute, in an altered form, to the coalifying 
material( 37 1. For example, a study of the degradation of cellulose by 
hydrogen ~ul~hide(~1) showed that thiophenes were fonned. The pyrolysis 
of cellulose at 773K produced highly aromatic material w'aich had an 
spectrum very similar to that of, iiigh rank coals(42). However, such 
temperatures are not generally reached in the coalification prcess. 
XrtiEicial coalification expriments suggest that thermal alteration of 
cellulose alone does not result in a coal-like product(43). It is likely 
that the cellulose contribution to the coal structure is minor due to the 
acidic nature of the deposition environment(44). 
In previous ~tudies(~5 r 46), the aliphatic content of h-c acids was 
said to have been derived Erm algal or bacterial lipids, in ,narallel with 
the origin of mrine h d c  acids. Hwever, it is mre likely that the 
hydrocarbon constituents of the leaf resins and waxes of higher plants are 
the source of the aliphatic structures found in coals of terrestrial 
origin. These lipids protect the leaf against dessication and possibly 
f1111ga1 attack(l4). The conpounds survive the mild conditions present in 
swamps (lw levels of oxidation and microbial activity) and, like the 
lignin, are probably concentrated during diagenesis. 
Figure 5.12: R.E. -a of lignites a) Ashers ~aituna, b) Mataura, 
C) Roxburgh (111) and d)  Hawkdun. 
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The origin of the oqgenated armtic carbon signals is also wident 
in the series of plant, peat and lignite spectra. The chemical shift 
region between 140 p p  and 160 p p  in the Kauri peat spectrm is very 
similar to that observed in the wad and sune of the lignite spectra. Many 
of the lignite spectra contain a stronger signal at 154 p p  than the 
shoulder observed in the peat spectrum. There are several possible reasons 
for this strong signal. The lignites rmy be derived fran both softmod and 
hardmod lignins which give signals at i53 p p  when R -0-4 linkages are 
present. Evidence for a mixed plant origin is given by the pollen 
assemblages of the lignites (section 2.1.1.3). 
The increase in the signal at 154 p p  occurs at the same time as a 
reduction in the signals at 148 p p  and 56 p p .  This trend was also noted 
by Russell and Barr~n(~~) in studies of increasing gelification of soft 
brown coal woods. In cunbination with the hydrolysis of 0 -0-4 linkages, 
the demethoxylation of gdacyl and syrinqyl units would produce phydroxy 
benzene rings(48 1. This structure would contribute a signal at 
approximately 155 pp. 
The reduction in the daninant signal at 148 ppn would expose the 
1 
1 signals at 155 ppn and 144 ppn of tannin structures present in the coal. 
1 It is interesting to note that the loss of the methyl group (denethanation) 
- 1 f ran the lignin structures would result in a diphenol structure( ) , which 
would also contribute a signal at 144 pp. There is no signal wident at 
144 p p  in the spectra of lignites, but t m  strong signals at 154 ppn and 
144 p p  are found in the spectra of subbituminous coals (Figure 5.13). The 
1 presence of these signals, and the absence of signals attributable to 
1 methoxyl groups (56 ppn, 148 pp), suggests that the coalification of 
l 
lignites involves considerable degradation of lignin structures, in 
canbination with a concentration of tannin structures. 
, The signals observed in the coal spectra have been assigned to carbon 
; functionalities following the c h d d  shift data of d e l  canpohds and 
I plant cunponents. (Additional discussion of these signal assignments can 
1 
l be found in References 49 to 52). A sumnary of the signal assignments is 
given in Table 5.9. The plant origins of sane signals are s h m  in 
1 I Figure 5.14. 
l 
Figure 5.13: R.E. spectra of subbituminous coals. a)  maziers ,  
b) Kai Point, c) Kawhia and d) Mokau 
TABLE 5.9 : SIGN?& ASSIGNMEXE 
~r = -tic Ring 
R = Alkyl group 
7 
ASSI- 
R a 2 s 3  
R 9 2 a 3  m 9 3  
f 92fn 
- -9, 
4- p AR&- 
m-3 
Alcohol, ether (eg cellulose) 
C-H adjacent to C 4  
C-H adjacent to C-H or C-R 
R or Ar substitution 
Adjacent -OH, -OH substitution 
Adjacent -OH, -OCH3 substitution 
Isolated -OH substitution 








a m t i c  









64 to 105 
100 to 120 
120 to 130 




170 to 180 
Fiqure 5.14: Sumnary of plant origins of signals observed in the NMR 
spectra of lawer rank coals. 
Changes in Siqnals with Codification 
A selection of spectra of lignite a.@ subbituminous coals were 
presented in the last section. Spectra of four bituminous coals of 
increasing rank are shown in Figure 5.15. The spectrum of the s d -  
anthracite was s h m  in Figure 5.2. The changes in -the signals indicate 
that major structural alteration occurs as dification progresses. A 
s m m y  of the c h d c d l  shifts obsenred in the RE spectra of New Zealand 
coals is given in Table 5.10(49). Several trends are evident. 
The range of chemical shifts observed in lignite spectra is large. 
There are m y  overlapping bands hich are not resolved but contribute to 
the breadth of the bands (and to the standard deviations of the mean 
chemical shifts). The dispersion of chemical shifts reflects the high 
oxygen content of the lignites. Not only are there many types of 
oxygenated functionalities, both aliphatic and -tic, but also many 
types of "adjacentn carbon structures. This factor is particularly evident 
in the distribution of low frequency aromatic signals assigned to C-H 
groups adjacent to oxygen. The lack of signals between 135 p p  and 
145 p p ,  attributable to alkyl substituted aranatic carbon, suggest. that 
few condensation reactions have taken place in the formation of lignites. 
1 
The carboxylic carbon content of the lignites is thought to be high 
because of the broad band centred at 177 p p .  This resonance contains a 
significant contribution £ran the first order aranatic SSB but the signal 
is too intense for this alone. Support for the presence of a discrete 
signal of carboxylic carbon was gained £ran the spclmm of a h d c  acid 
fran Waimumu lignite. The sample was obtained with a MAS frequency greater 
than 3kHz(18). A large signal was observed at 177 p p ,  which could not be 
assigned to an SSB signal. 
The progression in rank from lignite to subbituminous is mrked by 
several changes in the observed signals. The signals directly attributable 
to cellulose and lignin units are insignificant in the spectra of 
subbituminous &S. m e  loss of oxygenated functionalities is reflected 
in a narrowing of the range of low frequency aromatic chgnical shifts. 
Very few of the spectra of subbit~nous coals dibit armatic centreband 
signals at chdcal shifts below 110 ppn. The chemical shift region 
between 135 ppn and 145 p p  contains significant intensity indicating an 

TABLE 5 .l0 : AVERAGE CHEMICAL SHIETS 
Data f o r  signals observed i n  t he  RE spectra of many pals (A) or only i n  
spectra of c o d s  of spec i f i c  ASlM ranks (B).  Standard deviations given i n  
brackets. 
Mean Chemical S h i f t  (p) 









74.3 (0.8) l l i g  . 82.7 (1.2) -88.6 (0.6) 105.3 (0.4) 
107.3 (1.2) l i g + f e w s u b .  
- 
143.6 (1.4) sub, MbB 
147.7 (0.8) l ig .  
177.4 (1.1) l i g .  
I 
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increased content of alkyl substituted ara~tic carbon. The min signals 
of oxygen substituted aranatic carbon occur at 154 p and 144 p p .  
The transition fran subbituminous to low rank bitdnous coal is not 
marked by any obvious changes in the spectra. Hobever, there are 
significant changes in signal positions through the spectra of high 
volatile bituminous &S. The a m t i c  envelope is continually 
"line-narrowingu(53) with low frequency signals appearing as small 
shoulders only. The signal at 144 p p  weakens and disappears in the 
spectra of high volatile bituminous B coals. This signal loss occurs in 
conjunction with the appearance of a distinct signal at 138 p p .  The 
signal at 154 p p ,  assigned to phenolic carbon, persists through to the 
spectrum of the sanianthracite. 
5.4.2 Siqnal Intensities 
Significant changes occurred in positions of the signals with 
increasing coal rank. However, it is the relative intensities of the 
resonances that undergo the most dramatic alteration with coalification. 
The decrease in the range of chenical shifts observed for signals of 
aranatic carbon occurs in conjunction with a marked increase in the 
intensity of the main a m t i c  band (128 pp). This signal is of equal 
intensity to many of the other armtic signals in the lignite s-a, but 
is the daninant signal in the spectra of high volatile bituminous A coal's. 
The size of the first order, high frequency SSB in the spectra of high rank 
coals increases relative to the centreband. mis trend is caused by an 
increasing content of ply-cyclic armtic systems in high rank coals. The 
ring junction carbons of such systems would contribute intensity to the 
main aramtic band but the associated SSB will be larger because the 
chemical shift tensor of these carbons is highly anisotropic. Thus, the 
changes in the signals of aranatic carbon reflect the increase in 
condensation and aramticity with increasing dification which was 
predicted in Chapter 2. 
In contrast, the aliphatic signals gradually lessen in intensity 
relative to the armtic envelope. The rate of intensity loss beccmes 
rapid between the spectra of low and high rank bitdnous 4 s  
(Figure 5 .l5 1. The decrease in the intensity of the plymethylene signal 
(30 p p )  is far greater than that observed for the other signals of 
aliphatic carbon. These changes in the aliphatic structures epitcmise the 
6 5  
process of *lcat.agenesis*l described in Chapter 2. The average length of the 
aliphatic chain is reduced as thermal cracking releases lu.u-nr,ledar 
weight hydrocarbons. Variable spinning rate experiments showed that small 
aliphatic signals persist in the spectrum of the sdanthracite but they 
are partly obscured by the second-order low frequency SSB of the main 
armtic band. 
The loss of oxygen functionalities £ran the coal structure, the third 
of the coalification processes, is evident in two phases. The first phase 
was described in the last section and involves a decrease in the range of 
oxygenated-carbn signals through the lignite and subbituminous spectra. 
Only the signal of the most stable form of oxygen functionality, the 
phenol signal at 154 pp, is observed in the spectra of coals of high 
volatile bituninous A rank. The second phase involves the continual 
decrease in intensity of this signal until it is of negligible size in the 
sdanthraci te spectrum. 
5.4-3 Signal Height Ratios 
1 )  
The changes in the signal intensities can be qualitatively assessed by 
selecting specific ratios of signal heights measured frm the RE spectra. 
This approach has been dmnstrated to be useful for following structural 
alterations induced by the coalification of New Zealand coal~(~2) and in 
comparing the structure of Australian brown coals with New Zealand lignites 
and subbituminous coals(51). The success oE these techniques is evident 
and the results will not be recycled here, 
However, the signal height data (Appendix 3) has not been used to 
ampae the higher rank Australian coals with the New Zealand coals.  The 
two parameters described by Davenport and ~ewman(5~) are plotted against 
carbon content in Figures 5.16 and 5.17. The ratio of aliphatic signal 
heights is "related to the average length of the alkyl sidechains in the 
polymeric coal structure1*(52). The decrease in the diphatic signal height 
ratio at higher ranks is re£ lecting the process of catagenesis( 52 ) . 
The scatter in the data, particularly for the low rank coals, has been 
attributed to the influence of source variations. For example, the Central 
Otago lignites (eg Figure 5.12c,d) exhibit an average ratio of 1.7 
(standard deviation, SD = 0.3) which is significantly higher than the 
corresponding value of 1.2 (SD = 0.2) for the Southland lignites 
( eg Figure 5.12a ,b 1 . Petrographic studies ( 54 155 ) have shown that the 
Figure 5-16: The ratio of heights of aliphatic carbon signals plotted 
against the carbon content. Numbers in brackets refer to relevant chemical 
shift. Carbon content is on a dry ash free basis. Symbols refer to 
lignites ( ) , subbituminous ( ), high volatile B, C bituminous 
( r ) , high volatile A bituminous ( A 1,  medium volatile bitwninous and 
higher ranks ( + . Unless otherwise stated, these symbols and the da£ I carbon content will be used throughout the study. 
( Australian cods (open symbols 1. 
Figure 5.17: The r a t i o  of the heights  of t h e  phenol and main -tic 
signals, aga ins t  carbon content .Austra l ian coals (open symbols). 
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Central Otago lignites were deposited in a limnic (fresh water) environment 
and are highly degraded. The Southland lignites were deposited in a 
paralic (mine) environment and contain more undegraded plant tissues and 
woolty material. The high degree of degradation in the Central Otago 
lignites is reflected in high quantities of exinite mcerals which are 
traditionally associated with aliphatic structures (see Chapter 2). The 
aliphatic signal height ratios indicate that the exinite mcerals must 
contain high quantities of long chain aliphatic structures rather than 
branched or cyclic structures. 
The ratio of the phenol signal height to the main aromatic signal 
( Figure 5.17 ) decreases steadily with increasing carbon content 
(R = 0.946). This parameter is reflecting the loss of oxygen from the 
armtic portion of the coal as coalification proceeds. 
The data for the Australian coals (open symbols ) appear to follow the 
same trends as the New Zealand coals. The Australian brown coals exhibit 
very low values for the aliphatic ratios which lead to a prediction of 
lower alken; yields from pyrolysis of brawn coals in mparison with 
New Zealand lignites(51). The phenol ratio indicates that the oxygen 
substitution of the aromatic rings in the brown coals is similar to that 
observed in lignites and subbituminous coals(51). 
The data plotted in both Figures indicate that two distinct groups of 
high volatile A bituminous coals exist in New Zealand. Five of the 
san-ples resemble the lower rank bituninous coals while the remaining ten 
samples exhibit spectra that are similar in character to those of medium 
volatile bituminous coals. No New Zealand cml sample has been identified 
that shows intermediate properties(56). ~t can be seen that the data, 
particdarly the phenol ratios, of the Australian high volatile A 
bitdnous coals are located directly between the two New Zealand coal 
groups. Thus, the incorporation of the Australian santples with the New 
Zealand coal suite will result in an interesting canparison of coals that 
span a large range of coalification levels. 
The initial aim of the study - to assign, and identify the s t r u m  
origins of, the signals observed in the NMEt spectra of ooals - has been 
carpletd. The survey of mdel ampound chemical shifts and the spectra of 
individual plant ampnents has produced a large munt of information 
about the structure of the coal spectrum. Evidence has been found for the 
influence of the depositional environment on the structure of coals. The 
changes in the signal height ratios with increasing rank have provided an 
easily attainable, qualitative handle on the degree of coalification of the 
sample. 
The following chapters investigate properties of coal that may affect 
the response, in preparation for quantitative ElMR analysis. 
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6.0 ELExmDN P-C RESONANCE 
6 .l Introduction 
The presence of paramagnetic species in the coal sample may affect the 
NMR spctmm. The PJMR "visibilityn and the relaxation behaviour of 
carbon-13 nuclei may be altered when they are in the vicinity of an 
unpaired electron. This m y  influence the quantitative reliability of the 
NMR response. Therefore, it is necessary to study the nature of the 
paramagnetic content of coals. 
The electron paramagnetic resonance (EPR) technique prwides the id& 
method for investigating unpaired spins, Since the discovery of EPR 
absorption in olrbonaceous mterials by Uebersfeld (l) and Ingram (21, 
numerous workers have reported EPR data for coals. These studies indicated 
that "stable free radicals or other species mntaining unpaired electrons 
are present in all ooal~"(~). Systerrratic EPR studies have been published 
for a large variety of coals and petrographic omponents- £ran many 
countries. Only Yokono et al.(46 ) have e n e d  the EPFI and EMR spectra of 
the same cuals and attempted to correlate the results. Their measurements 
were performed on santples prepared under vacurn mnditions. Therefore, the 
results m y  not be strictly amparable to this study, in which the P;MR 
spectra are obtained in air. 
The basis of ER? is similar to that of NMR, in that it is dependent on 
the absorption of electranagnetic radiation by a species in a magnetic 
field. HokFever, in the case of EPR, the absorbing species is an unpaired 
electron. There are several treatises which provide a detailed acplanation 
of the theoretical and experimental aspects of EPR(~'~). There follws a 
brief introduction to the parameters that can be extracted fran the EPR 
spectra of coals. The subscript "em is used to distinguish EPR parameters 
f ran the equivalent parameters. 
The difference in energy between the parallel and the anti-Loarallel 
spin states in the magnetic field is given by: 
A E  =gO* 16 -1 l 
where g is the splitting factor, R e  is the electron Bohr mgneton and B is 
i the magnetic flux density. The g-factor for a free electron is 2.0023. 
The frequency of the transition between the t w o  electron spin-states, 
Ve is therefore defined as: 
where h is Planks constant. For example, for X-band operation 
( Ve = 9.5 a z )  a g-factor = 2 corresponds to a magnetic flux density B = 
0.35 T. 
Any alteration in the environment of the unpaired electron results in 
broadening of the resonance band to a Einite width which is measured by the 
line width at half-height,AHf. Dipole-dipole interactions in the spin 
system contribute to the line broadening. The spin-spin relaxation time, 
Tzer characterises these interactions and is given by(8): 
Tze = l/ Y A H ~  
where y = g 0 e/h 
for a mrentzian line shape. 
The interaction between the spins and the surrounding structure is 
characterised by the spin-lattice relaxation time, qer given by: 
'Qe = 1/(2 Tze y2 h2) 16051 
where Bm, is the magnetic Elw density at which anplete saturation occurs 
(ie the maximum signal height is observed). 
The saturation behaviour depen= on the @e of line-broadening; ie 
whether hamgeneous or inhanogeneous broadening is dcminant. H a m g e n e o u s  
line broadening is the result of transitions between two spin levels that 
are not sharply defined. An inhqeneously broadened line consists of a 
distribution of several cunponent resonant lines which have rmqed to form 
one envelope. The m y  sources of these broadening mdes are outlined by 
~oole(~), Typical saturation curves for both cases are shown in 
Figure 6.1. 
6 . 3  Experimental 
6-3.1 Samples 
Seventeen coals, selected from both the New Zealand and Australian 
sample suites, were chosen for study by EPR. The suite included five 
liqnites, four subbituminous coals, five high volatile and one medium 
volatile bitdnous coals, and two sd-anthracites. Approximately 0.25g 
of sample was packed into a standard 3mn quartz EPR tube to a level of 
approximately Sun, giving an average sample weight per unit length (W/L) of 
The frequency of the transition between the bm electron spin-states, 
Ve* is therefore defined as: 
where h is Planks constant. r -1e, for X-band aperation 
( Ve = 9.5 Qlz) a g-factor = 2 corresponds to a magnetic flux density B = 
0.35 T. 
Any alteration in the environment of the unpaired electron results in 
broadening of the resonance band to a finite width which is measured by the 
line width at half-height,AH4. Dipole-dipole interactions in the spin 
system contribute to the line broadening. The spin-spin relaxation time, 
T2er characterises these interactions and is given by(8): 
'Qe = l/ Y A H ~ 
where y = g  Oe/h 
for a Ijorentzian line shape. 
The interaction between the spins and the surrounding structure is 
characterised by the spin-lattice relaxation time, Tier given by: 
% = 1/(2 T2e y2 b2) [6-51 
where is the magnetic flux density at which ccmplete saturation occurs 
(ie the m h  signal height is observed). 
The saturation behaviour depen@ on the mode of line-broadening; ie 
whether homogeneous or inhamgeneous broadening is daminant. Hamgeneous 
line broadening is the result of transitions between spin levels that 
are not sharply defined. An inhamogeneously broadened line consists of a 
distribution of several camponent resonant lines which have merged to form 
one envelope. The many sources of these broadening mdes are outlined by 
~oole(~). Typical. saturation curves for both cases are shown in 
Figure 6.1. 
Seventeen cuals, selected from both the New Zealand and Australian 
sample suites, were chosen for study by EPR. The suite included five 
lignites, four subbitdnous coals, five high volatile and one medium 
volatile bitdnous coals, and t w o  semi-anthracites . Approximately 0.25g 
of sample was packed into a standard 3 m  quartz EPR tube to a level of 
approximately San, giving an average sample weight per unit length (W/L) of 
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0,05gunan1. The W/L was =S& for each sample to reduce errors 
associated with uneven packing densities. The spectra of the q t y  tubes 
sh& no background resonances. 
6.3.2 The Instnnnent 
EPR spectra were obtained on a Varian V4502 X-band spectraneter at 
9.5 QIz. In general microwave power levels of 0.01W were used. 
Measurements were carried out at roam temperature (-293 K) and atmspheric 
pressure, The Varian "strong pitchw standard (0 .l% pitch in KC11 was used 
as the reference sample for all nvasurements. Spectra were recorded as the 
first derivative of the absorption resonance. An exirmple of an EPR signal 
(strong pitch sample) is given in Figure 6.2, to illustrate the masurement 
of line-shape and line-position parameters, 
6.3.3 Measurement of the g-factor and line-width 
The g-factor is calculated £ran the point on the magnetic flux 
density scale, the resonant frequency, Ve (in Hz) , using the resonance 
equation (6.2 ) , ie: 
g = (7.14 X 10-3) X VJB [6.61 
The npeak-to-peak" line width, A H ~ ,  is also nreasured £ran the first 
derivative curve. It is related to the line width at half-height by (7 1: 
AHpp = AH+/~+ 16.71 
Both the g-factor and A Hpp were calibrated against the strong pitch 
paramters, g=2.0028 and A% = 0.17 nfl?f(lO). 
The lineshapes of the derivative curves were determined for several of 
the ooals following the procedure outlined by Alger(8). The signal heights 
are measured relative to the maximum height. Distances fran the centre of 
the resonance are measured at points where the signal has decayed to a 
certain intensity (eg 60% of the maximum signal 1. These distances are 
expressed in terns of "aw where: 
a = A n d 2  16.81 
l 
1 and are than ampared with the theoretical positions for Gaussian and 
1 Lorentzian line-shapes (Figure 6.3 ) . The amparison for the line shape of 
1 a bituminous coal is shown below: 
l 
( F i v e  6.2: Parameters associated with the first derivative representation of the absorption resonance. 
Figure 6.3: Theoretical traces for Gaussian ( X ) and Lorentzian ( a ) 
line-shapes with i d e n t i d  I* values. 
It was found that t h e  EPR signals of coal samples have l i n e  shape 
parameters i n t e r m d i a t e  between Gaussian and Lorentzian but w i t h  a tendency 
to be closer to the Ikrentzian l i n e  shape. This is cons is ten t  with t h e  
result- for other d s ( l l ,  12) .  The near-Gaussian l i n e s  observed by 
Retmfsky et a l ( l 3 )  for lower rank coals was not  noted in this study. 
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6.3.4 Measurement of t h e  nQ-F%ctorw 
The EPR signal in t ens i ty  a t  resonance is proportional to t h e  arrrount of 
power (P) absorbed by t h e  sample; ie is dependent on the  average microwave 
f l u x  densi ty  of the sample(7): 
B = k (Q P)* 16.91 
where k is a constant  calculated f r a n  t h e  cav i ty  dimensions, and Q is t h e  
"quality factor"  of the  cavity. The Q-factor can be divided i n t o  t m  
m (14): 
1/Q = 1/Qo + l/Qs 16 -10 l 
where Q, is t h e  q u a l i t y  factor of t he  cav i ty  and Qs r e f l e c t s  themicrowave 
loss caused by t h e  sample. h is due e n t i r e l y  to the  r£ suscep t ib i l i t y ,  
" , and the f i l l i n g  fac tor ,  , of t h e  sarnple(l4) : 
l/Qs = 4 n 7  X ' 1 6 . ~ 1  
where 
v 4 V a c  16 -12 l 
ie the  ratio of t h e  sample wlum to t h e  v o l m  of the cavi ty .  
Signal 
Height 
100% of maximum 
80% of maximum 
60% of maxinun 
40% of maximm 
20% of maximm 
10% of maximum 
Since the volume, Vs, is kept  f a i r l y  constant,  it follows that t h e  EPR 
s e n s i t i v i t y  is e f f ec t ive ly  proportional to the r£ suscep t ib i l i t y  of  t h e  
sample, ie t h e  detuning capability of  t h e  sample. Therefore, it is 
Posi t ion 



















signal i n t e n s i t i e s  can be canpared. 









For frequencies, W , close to the resonance frequency , WO, the loaded 
Q is determined by: 
Q = W A W  r6.13 l 
The change in the cavity Q at resonance can be estimated £ran the 
oscilloscope trace of the cavity nude by assuming that the maximum of the 
klystron mode corresponds to the total reflected power(14). Thus, the 
half-width of the cavity mode represents the change in the cavity Q 
measured on, and off resonance (Figure 6.4 . A cavity wavemeter was used 
to measure the microwave frequency. 
The loaded Q-factor for the strong pitch standard, Qsp, was estimated 
to be 5500 (with a standard deviation of 110 £ran repeated measurements. 
The Q, values for the coal samples were standardised against Qsp. 
6.3.5 Measurmt of Spin --p Counts 
The spin count, Ng (spins g-1) of the sample is estimated from the 
area of the signal with respect to the signal area of the standard. The 
relative loaded Q-factors, and amplifier gain (PG) of the sample and the 
standard, must be known. Since the spin-count of the standard pitch is in 
the units of spins cm-l, it is also necessary to knad the W/L (ie g an1) 
in order to convert the observed intensity into the required % units of 
spins 
There are several methods for estimating the intensity (A) of the 
absorption band. The mst carman method is: 
A = Ipp * 16.141 
where Ipp is the peak-to-peak signal height (Figure 6.2 1 ,  However, this 
approximation does not take the line-shape into account. Whether the 
resonance is of Lorentzian, Gaussian or sane other shape, can alter the 
amount of intensity in the "wings" of the absorption band, In addition, 
the peak-to-peak amplitude is severely affected by cavity loading(14) and 
would therefore result in a biased estimate oE the signal area. 
K m  and have published a detailed study of the line-shapes of 
the EPR signals of coal and have derived methods for estimating the signal 
area which are independent of the line-shape. However, double integration 
of the first derivative is the mst reliable and reproducible method For 
obtaining the resonance intensity(14 ) . 
The spectra were digitised (by hand) at 0 .l nlT intervals into signal 
heights £ran the baseline (Figure 6.2). The signal area was mputed using 
Figure 6.4: Representation of the cavity mde shawing the measurement of 
the width at half -height, A W  . 
the program "DBINT" which was developed for this plrpose by Dr R. P- of 
Chemistry Division. Repeated measurements on strong pitch indicated that 
the standard deviation in the area estimates was appmximtely 6%. 
The spin count is then estimated by: 
varian(l0) estimated the accuracy of the spin aunt of the stmng 
pitch sample (3x1015 spins an1) to be + 25%, which may have introduced a 
large systemtic error into the spin count determination. The relative 
spin count determinations were estimated to have an uncertainty of between 
15 and 20%; ie if the coal sample measuranents were ass- to entail the 
same variation as that observed for the strong pitch sample. This was 
tested by repeating the EPR nrsasuranents for samples under the same 
conditions (ie samples not repacked) after a delay of four weeks. This 
delay represents the time span over which the EPR masurements were 
collected. m e  spin count of one sanple increased by 17%, while that of 
the other decreased by 14%. Therefore, the maximum uncertainty of 20% 
a p e d  to be appropriate. 
1 6.3.6 Saturation J3periment.s 
In order to determine the spin-lattice relaxation constant, qer it is 
necessary to know the magnetic flux density, at which the maximum 
signal is observed (Equation 6.5). This was obtained £ran the saturation 
behaviour of the coal, following the steps described by Alger(* ) : 
1. "Determine that the line shape is mrentzian". As mtioned 
prwiously, the line shapes of the coal spectra were not always pure 
Lorentzian but, for the purposes of obtaining an estimate of the 
relaxation parameters, it was ass& that the line shapes were close 
to Iarentzian. 
2. "Measure T2". Values of T2, were obtained using equation 6.3; ie 
T2e = 1/(1.52 X 10* X AHpp) [6.161 
3. "Find the value of (h) which gives fbe largest attainable signal.". 
This is obtained by plotting the change in signal height as the p w e r  
is increased. Curves similar to the hanogeneous saturation behaviour 
sham in Figure 6.1, were obtained. 
The magnetic flux density is proportional to the square root of the 
power (Equation 6.9 1. The m i m u m  power available was 0.2W. In sane 
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cases, the signal height IMxirman was observed at magnetic flux 
densities close to this upper power limit. merefore the type of 
broadening present could not always be ascertained. &, is then 
calculated £ran the power incident on the cavity, the cavity 
dimen~ions(~0) and the Q-factor : 
& = 1.41 X lod (Qs h)f [6.131 
4. "T1 is calculated £rann equation 6.5; ie 
qe = 1/(6.2 X 1 0 ~ ~  X T2e Xh2) [6.18 ] 
6-4 EPR Spectra of Coals 
The EPR spectra of coals exhibit sweral resonances. The main signal 
is a single, nearly syrrmetrical, broad band near g=2, which is assigned to 
free radicals. Other resonances occur which are several orders of 
magnitude snaller than the main signal. mese signals have been assigned 
to the resonances of parmgnetic metal ions. 
6.4-1 Metal Ion Signals 
The EPR spectra of four coals of different rank are shown in 
Figure 6.5. The spectrum of the Waimumu lignite is very similar to the EPR 
spectra of Victorian brawn coals described by Dack et al(15). 
The group of signals in the g=2 region are thought to be the 
canponents of the six line Mn(I1) multiplet, as manganese has a nuclear 
spin, I = 5/2(l6). Similar signals were observed in the EPR spectra of, 
for example, a natural clay with a high Mn(I1) content(17), and a 
Cretaceous petrified mad ( 18 ) . 
The remaining signals can be attributed to various forms of iron, The 
signal at g = 4.2 is assigned to high spin d5 iron (111) in many structural 
sites(15). The spectra that contain this signal also show an additional 
weak absorption at g=9 which has been predicted by quantum mechanical 
equations(18 ) for ~ e ~ +  with orthorhanbic symnetry. 
The broad signal under the free radical signal at g=2, in the spctra 
of the higher rank coals, is consistent with iron (111) occuwing a 
different site £ran that in the luw rank coals(l5). The intensities of the 
signals do not correlate with the quantities of metal in the d samples. 
For exantple, the iron and manganese contents determined by X-ray 
fluorescence analysis for the four samples (Figure 6.5) were: 
Figure 6.5: EPR spectra of coals showing signals of metal ions. a) Waimurm 
(I) (lig), b) K o p u k u  (sub), c) Tapline thvBb) d) Fox River 
Fax River 4740 
The iron content of the Kopuku subbituminous ooal is less than that of 
the lignite yet the intensity of the g=4.2 signal, in the spectrum of the 
former coal, is mre than double that of the lignite signal. The imo 
higher rank coals also oontain large amunts of iron but the M.2 signal. 
is insignificant or absent. 
The qanese signals were only obsmed in the spxtza of lignites, 
even though the mnganese content of the Fox River sd-anthracite is only 
25% less than that of one of the Roxburgh samples (68 ppn). 
Retcofsky et al(16) observed the m( I1 1 multiplet in the spectmm of a high 
volatile bituminous A coal. 
The lack of proportionality between the signals and iron contents has 
been observed in EPR studies of brown coals(l5) and natural clays(17). Dack 
et al(15) proposed that the presence of a large and variable proportion of 
iron (11) (which is not detectable by EPR) causes the variation in the iron 
(111) signal intensities. 
An unusual signal was occasionally observed in the region of g = 2.6 
in the coal spectra. The appearance of the signal was not confined to any 
samples in particular and was erratic; ie the signal disappeared when the 
sample was repacked. Examples of EPR spectra with and without this signal 
are shown in Figure 6.6 for the Huntly East subbituminous coal. A recent 
publication on the application of the ferranagnetic resonance (EMR) 
technique to coal(l9) contains -1 spedra which exhibit a pdnent 
signal at g = 2.6. This signal occurred only in one of three spectra of 
randanly selected samples and was assigned to the presence of magnetite. 
l The spectra in which this signal a m e d  did not necessarily 
correspond to samples with high iron contents (eg Huntly East coal mntains 
2110 ppn of iron) which is consistent with the observation of Malhotra and 
~raham(l9) that "only one or two grains of a ferranagnetic material can 
drastically alter the obsenred spectrumn. 
The sample of Liddell bituminous coal which was included in the EPR 
study was knom to ~mntain large amounts of magnetite (see Chapter 8).  The 
Fiqure 6.6: EPR spectra of Huntly East subbituminous coal a) without and 
(b) w i t h  the signal a t  g = 2.5 (PG = 2.5 X 104) 
of t h i s  coal showed an extranely broad signal centred a t  g = 4 -2, 
which was greater than the signals observed for  other cuals by a t  least two 
orders of magnitude (Figure 6.7 ) . A sample of Liddell coal was acid-washed 
(M) w i t h  HC1 fol lwing the example of Malhotra and ~raham(l9) 
(experimental deta i l s  are given i n  Chapter 8 1. However, this- treatment 
only reduced the  signal intensity and shifted the signal. to to g = 4.8. A 
second sample of Liddell coal was oven4ried (01)) a t  383 K for  16 hours. 
This treabnent produced an identical change i n  the spectrum as the  AW 
procedure (Figure 6.7b,c). This is in  contrast to the  results  of 
Dack et a1(15) who observed a 420% increase in the  g = 4.3 signal intensity 
for  a sample dried a t  323K for 24 hours. 
Broad signals were also observed in  the spectra of three other coals. 
The three equivalent spectra to the Liddell example are sham i n  Figure 6.8 
for  the Ohai subbi tdnous  coal . In  t h i s  case the broad signal is centred 
a t  g = 2.4 and the g = 4.3 signal is observed as a very small resonance. 
Oven drying did not alter the spectrum significantly. The AW treatment 
reduces the broad signal slightly and sh i f t s  the  resonance to  g = 2.3. 
The spectra of the Strongmm bituminous 4 are shawn in Figure 6.9. 
The spxtrum of the raw coal shows a broad resonance a t  g = 2.7. This 
signal is considerably narrower than the signals observed i n  the previous 
examples. Both AW and OD treatments r a v e  this signal and the resultant 
spectra resemble those of the higher rank c d s  in Figure 6.5. The 
spectrum of the  OD codL differs  fran tha t  of the W sample in  the s ize  of 
the g = 4.3 signal and the broad resonance under the g = 2 signal. This 
may be due to the  axidation(l5) of iron (11) to  the form of iron (111) 
producing the  resonance at  g = 2. Alternatively, loss  of water of 
hydration may cause a change in  the site symnetry of the iron (111 1 . This 
could also alter the position of the signal. 
The spectra of the raw and treated Yarrabee samples are shown i n  
Figure 6.10. The broad signal in the spectrum of the raw coal is &-itred 
a t  g = 2.1. Both treatments reduce the  intensity of the signal, w i t h  the  
AW procedure being the mst effective i n  t h i s  regard. OD results i n  the 
signal shif t ing to g = 3.0. 
The spectra presented in  Figures 6.7 to 6 -10 show very broad signals 
which do not have constant g-factors - nor do they alter in  the same manner 
a f t e r  various sample pre-treatments. The origins of these signals remains 
Figure 6.7: EPR spectra of L i d d e l l  hvA b i t d n o u s  c d .  a) raw coal 
(PG = 1.25 x 1 0 2 ) ~  b) oven-dried coal (AG = 5.0 X 1 0 ~ 1 ,  c) acid-mshed d 
(X = 5.0 X 102) 
~ i m  6.8: m Jpectra of Ohai subbituminous coal a) raw 4 
(PG = 1.25 x 1031, b) OD oml (PG = 1.25 x 103). c) AW coal (PG = 1.0 X 103) 
Figure 6.9: EPR spectra of Strongmm hvB bituminous coal. a) raw coal 
(PG = 2.5 X 1031, b) OD coal (PG = 2.5 X 1041, c) AW coal (PI; = 2.5 X 104) 
1 
l Figure 6 -10: EPR spectra of Yarrabee sdanthracite. a) raw coal (PG = 2.5 x 1031, b) OD coal (PG = 1.25 x 104). c) oml (PG = 2.5 X 104) 
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an enigma. The signals assigned to mtal ions in the spectra of the eight 
reraining coals were similar to the spectra of equivalent coal rank shawn 
in Figure 6 -5. 
6 -4.2 The Free Radical Signal 
The origin of the min signal at g = 2.0 has previously been a topic 
of considerable debate(16). It is now widely accepted that the signal 
arises £ran tlie presence of large concentrations of organic free radicals 
in the coal, which are "stabilised in the aranatic skeletonsn(12). 
The properties of the organic free radical signal have been studied 
for coals or ad lithotypes fran, for example, ~ ~ ~ ( ~ 3 r ~ 6 f ~ ~ , ~ ~ ) ,  
3apan(21) , ~anada(22) , ~ussia( 23 ) , Pakistan and ~ugoslavia( 25 ) , 
Eumpe(25,26) and ~ustralia(l~). The purpose of the following discussion 
is to test the EPR trends found for overseas coals on ~ustralasian &S. 
The EPR parmters should indicate whether any unusual electronic 
praperties exist that might be reflected in the NYR spectra, Values of the 
three standard EPR parameters for the seventeen coals are given in Table 
6.1. 
6.4.2.1 The q-factor_ 
"The g-factor is a parameter which is particularly sensitive to the 
chemical enviromt of the unpaired electron in a radical"(24). A plot of 
the g-factor against the carbon mntent is given in Figure 6.U. The 
deviation fran the value of the free-electron is greatest for the lignite 
g-factors, which indicates that the unpaired electrons are "localised or 
partially localised on atans having strong spin-orbit interactions" (l6 ) . 
For example, the g-factors of the lignites (2.0037 to 2,0039) fall into the 
range expected for phenoxy(14) and mthoxy benzenes (2.0035 to 2.0040)(24). 
G-factors for nitrogen and sulphur containing radicals are of the order 
2.0031 and 2.0080-2.0081, respectively(24 1. 
As coalif ication progresses (ie heteroatam are lost) the g-factors 
decrease to the magnitude typical of hydrocarbon free radicals (2.0025 to 
2.0028 (24). The decrease in g-factor Eor coals between 67% and 91% carbon 
has been observed in many of the studies in the literature. The unusual g- 
factor behaviour at the coalification extrews was not observed as the 
range of coal ranks studied is not as large as that covered in the work of 
Retcofsky et a1(16). 
* Coal nlrmber franTables 4.1 and 4.2 
* 























































































































































b 0 (atom fraction) 
Figure 6 -11: The g-factors of the free-radical signal plotted against a 1 
the carbon content and b) the atanic fraction of oxygen. Rt stands for 
wRetcofsky's line" fran Reference 17. Open symbols represent samples for 
which actual elmental analyses are not known (see Chapter 4 ) .  
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The plot of g-factor against the atomic fraction of oxygen 
(Figure 6.11b) shows that the correlation observed by Retcofsky et al(l6) 
(RL) is also relevant for Australasian coals. 
6.4.2.2 The line-width AHw 
The behaviour of the peak-tu-peak linewidth with increasing coal rank 
is shown in Figure 6.12a. The broad maximum observed in the AHm of the 
low-rank bituminous coals is similar to that found by Retcof sky et al(20 ) 
for vitrains. However, the linewidths of the signals of coals between 72% 
and 87% carbon, measured in air by Petrakis and ~randy(~~), exhibit a 
canpletely opposing trend. Toyoda et a1(21) did not observe an initial 
increase in linewidth, but noticed a sudden decrease in A% for Japanese 
vitrains with carbon contents greater than 88%. 
The trend shown in Figure 6.12a can be rationalised as being caused by 
the increasing influence of "spin-spin interactions between the free 
radical electrons and protons in the coalN(l3 1, which are not resolved as 
hyperfine structure. The narrow linewidths exhibited by the semi- 
anthracites reflect the law hydrogen contents. Figure 6.12b shows that 
there is a relationship between the hydrogen mntent of the coal and the 
line-~idth. It should be noted that Khulbe et al(22) found that larger 
line-widths were obtained for Canadian c d s  with low hydrogen contents and 
suggested that other atanic species, such as oxygen, may also influence the 
line-widths . 
The g-factors and line-widths of Australasian coals exhibit properties 
which are generally consistent with the results of overseas work and the 
overall chanical processes involved in malification. 
6.4.2.3 The spin-count - 
The non-linear increase in spinaunt with carbon amtent, found by 
other workers (l3 r 21 , 24 f 26 ) ,S also observed for ~ustralasian c d s  
(Figure 6 .l3 1. The strong exponential relationship b e h e n  these two 
parameters observed for ~itrains(~o,~l), was not found for Australasian 
coals (Figure 6.14). Although a straight line can be drawn to the data 
(R = 0.925) the points could also be justified as fitting into two linear 
areas or a curve. 
The magnitude of the spin counts observed for Australasian coals was 
often smaller than those obtained for overseas coals of a similar carbon 
Figure 6.12: The peak-tepeak width of the free-radical signal plo t ted  
against  a )  the carbon content and b) the hydrogen content on a 
moist-ash-free basis. 

Figure 6.14: IBta fran Figure 6.13 replotted on a logarithmic scale. 
content. This is particularly evident in the spinaunts of lignites. For 
example, the sample of Beulah-Zap lignite (%C = 67-81) studied by Retmfsky 
et &(l3 ) exhibited a spin-count of 56 X 1017 spins g-l, Hawever, the 
New Zedland lignites (67% - 70% C) show spin-counts in the range 1 X 1017 
to 6 X 1017 spings g-l; ie an order of nqnitude less. This discrepancy 
may be due to the different origins of the -1, but it is mre likely that 
variations in experimental conditions influence the final Ng values. 
It has been noted by sane workers(22 .26 ,27) (but not all(24) ) that Ng 
increases when measurements are performed under vacuum. It is thought that 
the oxygen diradical forms a m l e x  with the organic free radical(27) 
causing an apparent decrease in the spin-count. 
Dack et al(27 ) have carried out a ccmprehensive study of the free- 
radical involvment in the drying and oxidation of brown coal. They found 
that drying the coal prior to vacuum sealing also produces an increase in 
the spin-count. Drying of the samples at 373K to 423K is a armron 
pretreabnent for EPR studies(13 21, 24 1. The effect of drying was tested on 
a New Zealand lignite, A sample of Mataura lignite was dried at 383K for 
20 hours. Tne %-value increased frm 3 .S x 1017 spins g-1 to 2.2 X 10l8 
spins g-1 for the dried sample; ie by approximately the order of magnitude 
discrepancy between the results of this study and the published spin-counts 
for lignites. This increase can not be due to the ranoval of the water 
content alone as the ratio of the %-factors canpensates for the change in 
the dielectric loss due to water. 
Dack et al(27) rationalised the fomtion of free-radicals upon 
heating by, for example, decarboxylation of carboxylic acids, which are 









Dack et also studied the influence of air exposure on the free 
radical content. They found that, after an initial increase, the spin- 
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count decreased significantly over long periods of exposure. It should be 
anphasised that the ~ictorian brown d samples had been obtained under 
nitrqen £ran un-sed bulk samples; ie had not been equilibrated in air 
prior to EPR study. The New Zealand coal samples were not "fresh" and had 
presumably stabilised in air prior to study, as both the EPR spin-anmts 
(section 6.3.5) and the NYR relaxation parameters (following chapter) were 
found to be relatively stable over time. (The EPR measurements were 
performed imnediately prior to, and interspersed w i t h  the NMR relaxation 
experiments, to minimise the effects of sample alteration. 1 
One of the consequences of the law spin-counts is an apparently high 
number of carbon atans for each unpaired spin (Table 6.2 1 . Fbr example, 
Retcofsky et al(13) found one spin per 23,000 carbon atans, for a peat 
sample, and one spin per 2,000-3 ,000 carbon atms for bituminous ads. 
Dack et a1(28) measured an average of one freradicdl site per 7,000 
carbon atans for the brown d s .  
An extension can be made to this estimation by including the apparent 
armticity, fa1, measured by NMEt. The number of arauatic rings associated 
with each free radical can be calculated (Table 6.2). The ratio exhibits a 
broad mnential relationship with mrbon mntent (Figure 6.15). This 
trend is consistent with the heteroatan free radical concept for lower rank 
coals as a large munt of the oxygen at this rank is in the form of 
methoxyl and hydroxyl groups, substituted onto aranatic rings. The 
unpaired electron is only partially localised onto the heteroatan and is 
therefore associated with an armtic ring. 
6.4.2.4 Relaxation Constants -- A -- 
i. Saturation Behaviour 
The saturation behaviour of the free radical signal is typified by the 
spectra of the Huntly East subbituminous d ,  shown in Figure 6.16. 
The variable saturation behaviour observed for brown(l2) and 
bituminous(28r29) a d s  (under vacuum), assigned to the presence of 
more than one type of free radical, was not observed in this study. 
The variation in signal. height with increasing power lwels is shown 
in Figure 6.17 for the Huntly East coal and also for the Liddell 
bitdnous coal. The latter cume exhibits the problem mentioned 


































































































~iqure 6.16: Free radical signals for the Huntly E a s t  d obtained at 
different power levels (a) 5 rrkJ, b) 100 nW, c) 180 M (PG = 50) 
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earlier; ie that the IMxirmmn pakFer level available did not saturate 
the free-radical signal, No evidence of saturation behaviour was 
observed in the spectra of the Fbx River semianthracite or t m  of the 
Australian coals; Bulli (mvb) and Yarrabee ( s a l .  smidt and 
Van Krwelen(26) also observed that "no saturation, and h e m  no T1, 
could be msuredn for anthracites. This is thought to be caused by 
the increased electrical conductivity associated with high rank -1s. 
The lack of saturation behaviour for three coals of rank 1-r than 
anthracite may be due to the presence of oxygen, Published saturation 
studies were performed on samples under vacuum(21r28,30 ) or in a 
nitrogen atmosPhere(l2 29 ) . 
ii, The T-values 
The estimated relaxation constants are given in Table 6.3, and plotted 
against carbon content in Figure 6.18. The curve observed for spin- 
spin relaxation constant T2, resembles that of Figure 6.12a because 
T2e is obtained directly £ran the line-widths, 
The mgnitudes of the T2, values are similar to those m u r e d ,  using 
the same m e t h a d ,  for Japanese ~itrains(~1) and Polish mals(31). It 
has been stated that "these estimates of coal spin-spin relaxation 
times T2 are purely aperational measures of overall linewidth and do 
not allow for unresolved superpositions of narrw linesn(29). Spin- 
echo decay experiments ( 29 ) have shown that the f ree-radical resonance 
of coal is canprised of unresolved hyperfine multiplets with T2, = 
1.3 X 10% (90-llOK) ; ie two orders of magnitude larger than the 
standard values. Simulation of the power saturation curves of oil 
shales(31) has also resulted in longer Tze values than previously 
measured. 
If the T2, values estimated £ran the line-widths are "erroneously 
shortn(31), then the values of Tie will be systemtically large. 
However, for oanparative purposes, the qe values are of interest. 
Figure 6,18(b) shows that the Tle values increase with increasing 
rank, Once again, the Tie values are of similar magnitude to those of 
the Japanese ~itrains(~1) and the Polish coals(30) (although the 
values of the latter decreased with increasing carbon mntent). As 
Figure 6.18: Electronic relaxation constants plotted against carbon 
content. a) Spin-spin relaxation constants and b) spin-lattice relaxation 
constants, 
TABLE 6.3 
































































































predicted, the Re values are shorter than those estimated f ran T2, 
values obtained by other methods. For ample, Das et ) e e d  
Re = 225 X 10% for a Pittsburgh bituminous ad and 
Yokono et a1(5) found a Tie of 61 X 10-6s for Yubarishinko codl 
(86%C). 
The maximum in qe found by several mrkers, for -1s of 
approximately 86%(21) to 90%(~6) carbon, was not abserved in this 
study. Saturation behaviour was only observed for d s  containing 
< 85%C. 
The scatter observed in Figure 6.18( b) may be due to the fact that the 
equations used to calculate the Tie values are based on the assumption 
that the line-shape of the signal is mrentzian. Therefore, the error in 
Tie will vary according to the degree of deviation fran the Lorentzian 
line-shape . 
It has also been stated that Tnineral constituents may reduce spin-lattice 
relaxation time independently of rankn(32). The Ohai, Strongman and 
Liddell coals were all found to have high contents of ferranagnetic 
material (Chapter 8), and all three exhibit low qe values, in amparison 
with other d s  of the same rank. 
Van proposed that the TL, values were controlled by the 
accessibility of oxygen to the structure; ie the unpaired electron 
interacts with the orbitals of the atanic oxygen. Thus, the porosity of 
the coal w l d  influence the 'Qe values. Coal porosity reaches a minimum 
in the bituminous rank(32) and therefore corresponds to the qe maximum. 
It has been reported that the electron spin-lattice relaxation times ('Qe) 
correlate with the proton spin-lattice relaxation times (Q) ( 4 ) .  In ths 
following chapter, the characteristics of m values of Australasian coals 
will be studied. 
The EPR characteristics of australasian a d s  measured in this study are 
not always in q l e t e  agreemnt with those published for other &S. 
Austen et a1(3~) suggested three possible explanations for the genesis and 
nature of free-radicals in &: 
1. Stable free radicals m e  formed during diagenesis of the organic sediment 
(probably by enzymatic action accanpanied by aerial oxidation) and these 
have persisted; 
2. Radicals were formed in pyrolytic reactions during metanrorphosis as a 
result of hamlytic splitting of certain functional groups; and 
3.  Radicals were produced by radiolysis. 
Retcofsky et a1(13) have discussed the evidence behind each possibility. 
The second hypothesis is ansistent with the increase in % with coal rank. In 
the mtamrphic process few of the coals have been subjected to tmperatures 
above 200°C (Chapter 10). The pyrolytic reactions must therefore have occurred 
under relatively mild conditions. This is consistent with i) the production of 
oxy-radicals in law rank owls and hence explains the higher g-values observed; 
ii) the prqressive loss of oxygen and aliphatic functionalities to form stable 
aromatic-free radicals. 
It is unlikely that the differences in free radical characteristics are due 
to differing coal origins as, although variations in actual structures m y  
exist, the type of low temperature reactions involved in free-radical formation 
are likely to be the same. 
It is considered mre probable that the differences in experimental 
conditions (ie the exposure to air and no pre-drying) are responsible for the 
low spin counts, and lack of saturation behaviour in high rank coals. It m t  
be emphasised that the EPR masurements =re designed to be performed under 
identical conditions to those that exist during W R  measurements. In this way, 
the results of both magnetic resonance techniques should be directly canparable. 
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7 -0 RELAXATION BEHAVIOUR 
The origins and masurgnent of the relaxation parameters were 
discussed in Chapters 3 and 4 respectively. It is necessary to know the 
magnitude of the relaxation time mstants, and whether these parmters 
alter with the degree of coalification, before quantitative NMR can be 
contenplated. 
7.1 Proton T1 
The proton spin-lattice relaxation t i r e s ,  TIE, w e  measured for the 
armtic and aliphatic bands in the spectra of many lcw rank 4 s  and all 
of the high rank coals. The T?H values and standard deviations are 
tabulated in Appendix 4 .l. The relaxation anstants are plotted against 
the carbon antent in Figure 7.1. 
The aliphatic protons (solid symbols) have longer m values than the 
the armatic protons (open symbols). (The average difference is 0.015s 
with a standard deviation of 0.017s.) This trend is contrary to the 
relaxation behaviour observed in mst organic solids in which spin 
diffusion causes all of the protons to have the same Q value(1). Sullivan 
and Maciel(*) also observed a longer m for aliphatic protons than 
aro~tic protons. and rationalised this behaviour as evidence for a lack of 
"intimate spin contactn between separate diphatic-rich and aranatic-rich 
danains . 
The Q values are very low for the low rank Australasian coals, 
increase dramatically as the rank increases to high volatile bituminous and 
then decrease again for medium volatile bituminous and higher rank coals. 
This trend is consistent with the % behaviour observed by Yokono and 
~anada(3) for Japanese coals, and also with the findings of Hirata and 
Akiyama(4) that T ~ H  increases with the rank of coals with less than 80% 
carbon. 
The magnitudes of the values for high volatile bitenous coals 
are mre randan than the m t h  curves indicated by other wrkers(3r4). 
Therefore, the rate of proton relaxation cannot be determined solely by 
rank. Sweral  mhanisms must be involved, to varying degrees, in the 
transfer of polarisation £ran the spin to the lattice. The diffusion of 
excess proton polarisation through the sample is thought to occur by spin 
nflipflopsn, until a suitable mechanism initiates rapid spin-lattice 
Figure 7.1: Spin-lattice relaxation constants plotted against carbon 
content. Symbols as for Figure 5.16. Open and solid symbols represent T'H 
values for aranatic and aliphatic protons, respectively. 
relaxation. I n  general, any mechanism which gives rise to a f luc tua t ing  
magnetic field at  t h e  nucleus is a poten t ia l  relaxation ~ h a n i s m .  The 
most l i k e l y  mechanisms that would create a f luctuat ing magnetic Eield are: 
i. m t i o n s  of nuclear dipole  m n t s  on neighbouring nrolecules; eg 
ro ta t ing  methyl groups or water mlecules, or o s c i l l a t i n g  polymer 
chains etc, 
ii. interact ion with paramagnetic species i n  t h e  v i c i n i t y  of t h e  protons; 
eg f r e e  radicals ,  molecular oxygen or metal ions. 
7.1.1 The Effec t  of Free ----------- Radicals 
EPR has shown that l a rge  concentrations of free-radicals are present  
i n  the coal. The conclusion that f r e e  radicals  are stabilised i n  t h e  
aranatic r ing  system would therefore  explain t h e  f a s t e r  re laxa t ion  of 
a rana t ic  protons. Howwer, it is unlikely that t h e  concentration of free- 
. radicals is the  determining f a c t o r  f o r  t h e  magnitude of % as it was found 
t h a t  t he  sp in  content of t he  Australasian a d s  studied increases  uniformly 
(Figure 6 -13 with increasing carbon content. Gerstein e t  a1(5) noted 
t h a t  spin- la t t ice  relaxation times increased with increasing Er-radical 
concentration which can be seen i n  Figure 7.2 a t  high spin concentrations. 
Yokono and ~ a n a d a ( 3 )  have indicated that the  proton l"' values 
correlated with t h e  e lectron T1 values f o r  "various ranks of mal". T1, 
values have been shawn to alter i n  a s imi la r  manner as with increasing 
r a n I ~ ( ~ r ~ ) .  The data plo t ted  i n  Figure 7.3 shows that the e lec t ron  spin- 
lattice t i m e  may be a f ac to r  i n  determining proton relaxation.  It is 
unfortunate that qe values could not  be measured f o r  t h e  higher rank 
coals. It is impossible to assess  whether a reduction i n  Re is 
responsible f o r  t h e  faster proton Tl's of these ranks. Sul l ivan and 
Maciel(*) have shown, by var iab le  temperature experiments, that e l ec t ron  
relaxation processes can not be the s o l e  source of spin- la t t ice  relaxation.  
Tie should be r e l a t i ve ly  independent of temperature but Tm was found to 
increase as the temperature was lowered. 
N~ X iol* (spins g-l ) ) -  
Figure 7.2: W values plotted against the spin oounts on a logarithmic 
scale, for codls studied by EPR. 
Figure 7.3: T ~ H  values plotted against the electronic T1 values, 
The Effect of Paramagnetic --- Ions 
Free radicals are not the only form of unpaired spin present in -1s. 
A significant proportion of the inorganic content of d s  is in the form 
of metal ions (such as the paramagnetic ~e3+) organically bound to 
exchangeable proton sites(8). TAe effect of the addition of paramgnetic 
iron to wheterogeneous enviromtal matricesn (eg wood pulp and protein) 
has been studied% Pfeffer et al(9). They found that the T ~ H  dues of 
the hydmphillic canponents in particular, dropped dramatically when 
approximately 2% Fe3+ was added to the sample. Sullivan and Ma~i&(~ ) 
noted a decrease in the of polystyrene doped with chrcmium 111. 
S e v e r a l  workers(l0rll) using B/MAS NMR to study large organic ampounds, 
have exploited this phenanena by adding m 1 1  amunt of paramagnetic 
species to reduce the proton q l s  and therefore the time scale of the 
eqeriment. 
Reduction of proton Q's by paramagnetic iron is mre likely to be a 
factor for the lower rank d s  which contain high organic-oxygen and 
mineral matter mntents. The difference between the a m t i c  and aliphatic 
TB values muld be explained if the exchangeable sites are mainly oxygen 
functionalities substituted on aranatic rings which are isolated frcm the 
aliphatic protons. 
The influence of the paramagnetic ions (either organically bound or in 
the mineral phase) on the spin lattice relaxation can be studied by 
reducing the inorganic content. The same seventeen coals that were studied 
by EPR (Chapter 6 )  were extracted with HC1. The iron contents were 
determined before (by W )  and after (by AA) acid washing (the experhtal 
details are given in Chapter 8). The spin counts were m s u r e d  to assess 
whether changes in spin-lattice relaxation are produced by altered free  
radical contents. 
The results of this study are given in Appendix 4.2 and are sumnarised 
in Table 7.1. Acid-washing does not cause a consistent change in either 
the spin-munts or the TIH values. In most cases the ciianges in % are 
not greater than the sum of the standard deviations of the relaxation 
constants. The spin-lattice relaxation times are not de,pendent on the 
total iron content (Figure 7.4a) . The percentage changes do not 
correlate with the amount of iron removed (Figure 7.4b). 
The variable effect of acid-washing on the free-radical content of 
coal is also evident in the literature. For example, Dack et a1(12 ) found 
TABLE 7.1 
A = Change in parameter with acid-washing (before - after) 





































































































































*h Fe removed 
Figure 7.4: a) T ~ H  values plotted against the iron content of the coals. 
b) The change in the T ~ H  values after acid-washing plotted against the 
. . 
relative m u n t  of iron rarywed by the treatment. 
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that the organic free-radical signal of Victorian brown coal was 
reduced in intensity, but Wachawska et al (13) noted that the "r-val of 
mineral cunponents results in a marked increase in the number of free 
radicals in brawn coalN. 
A large proportion of the iron content is remnred by acid-wshing. 
Sane of this iron may not have contributed to the spin-lattice relaxation; 
eg iron in a separate mineral phase. Eowwer, the fact that no significant 
change occurs in the relaxation rates, suggests that paramagnetic iron in 
coal plays no more than a minor role in determining the Tm values. (In 
the follwing chapter, the influence of the paramagnetic content on other 
aspects of quantitative W R  will be assessed.) 
7.1.3 The EEfect of Moisture 
The fast proton relaxation in l w  rank coals may be due to their 
intrinsically high water contents. Molecular rmtion of water m l d e s  
within the pore structure of the coals could, under certain conditions, 
prwide a relaxation "sinkN for proton polarisation. The effect of the 
misture content on the T-JH value can be quantified by drying and D20 
exchange studies, Three experiments wlere designed to test the influence of 
water on %. (Results are given in Appendix 4.3.) 
i. Air drying at RT - 
* 
Experimental - A large chunk of Mataura lignite, that 'nad been stored 
under water since it was collected £ran the mine (R. H. N-, 19831, was 
crushed to 20i)p and eqx~sel i:a air at roan temperature (RT) for six 
months. At the time of crushing, and at mnthly intervals, 1.5g samples 
were remved, the misture content of lg measured and the Q values 
determined. 
Results - The misture contents and m values are plotted against 
time in Figure 7.5. The misture content appears to stabilise after an 
initial drop. The oscillation may reflect changes in the atmospheric 
moisture. 
The TIH values are very short and have a standard deviation of 
approximtely 20%. This high value reflects the fact that the relaxation 
tinre is faster than the shortest delay time that can be inserted between 
pulse sequences (0.025s). The variation of the Q values with the 
r I 1 
a 0 3 6 
 an) ( July 1 
Time (months) 
~iqure 7.5: The influence of air-drying Mataura l i g n i t e  a t  roan 
temperature fo r  s i x  m n t h s  on a )  t h e  misture content  and b) the m 
values. The dot ted l i n e  i n  a) represents t h e  average value f o r  the f i n a l  
s ix  values, The e r r o r  bars i n  b) represent t h e  standard deviations i n  the 
*m values, 
Figure 7.6: Plot of the moisture contents and T ~ H  values £ran E'igure 7.5. 
The vertical scale was split to separate the TI_H values for the armtic 
and diphatic protons. 
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moisture content is shown in Figure 7.6. There appears to be a slight 
decrease in the Tm values with increasing moisture content. However, the 
overall changes are too small to be significant; ie less than the standard 
deviations of the relaxation mnstants. 
ii. Oven drying 
Brperimental - - Samples of Waimumu Newvale  lignite (NZ 8) were dried in 
air at 383 K for varying lengths of time. The moisture contents were 
determined and the values masured. The sample with 0% misture was 
then left to re-equilibrate at #r for 26 hours. 
Results - The changes in T ~ H  values are shown in ~igure 7.7. The loss 
of approximately two-thirds of the misture (20% of coal weight) does not 
alter the relaxation rate. Bowever, the rmva.1 of the remaining water 
content, particularly the last 5% (of coal weight), dramtically increases 
both the aliphatic and the a m t i c  T ~ H  values'. The ratio of the TIH 
values, at 0% and 29.7% water contents, is 2.9 for both aliphatic and 
-tic protons; ie a three-fold increase. 
The "dryn sample, that was exposed to air for 26 hours, absorbed only 
0.5% rmisture. The T m  vdlues had reduced slightly and are plotted in 
Figure 7.7 as square symbols. 
iii. Exchange with D20 
Exprimntal - A sample of the same Waimumu lignite was soaked in D20 
for 48 hours. The D20 was changed twice during this period. The 
suspension was rapidly filtered and the exchanged coal was stored in an 
evacuated dessicator over The D20 content was estimated by weight 
loss on drying and the T ~ H  values were determined. The exchanged sample 
was then re-moistened with distilled water and the misture content and 
% values measured again. 
Results - The exchanged sample contained 8.7% D20 and exhibited TIH 
values of 0.061 (SD = 0.005) and 0.020 (SD = 0.001) for the aliphatic and 
armtic protons, respectively. The re-moistened sample contained 25% 
moisture and the measured m values were 0.030 (SD = 0.004) and 0.012 
(SD = 0.002) for the aliphatic and a m t i c  protons, respectively. These 
values are of the magnitude expected for the high misture content although 
the presence of remaining D20 may be lengthening the time mnstants 
slightly. 
Figure 7.7: The effect of oven-drying on the T ~ H  values of Waimumu (I) 
lignite. 
iv .  Discussion 
The results of  t h e s e  three b r i e f  experiments show that t h e  moisture 
con ten t  of  t h e  low rank coals plays  a s i g n i f i c a n t  part i n  t h e  proton spin- 
lattice re laxat ion.  The first t m  experhts  i n d i c a t e  that no t  all of t h e  
water is involved. The important  water content  
appears  to be that which is rmst  s t rong ly  l i n k 4  wi th  t h e  c m 1  structure. 
3 
The fact t h a t  both t h e  a l i p h a t i c  and aromat ic  proton q ' s  e x h i b i t  a 
three-fold inc rease  upon drying negates t h e  suggestion t h a t  water 
molecules, t h a t  are p r e f e r e n t i a l l y  associated wi th  t h e  oxygenated-aranatic 
f u n c t i o n a l i t i e s ,  are i n i t i a t i n g  t h e  faster m t i c  p r o t m  r e l a x a t i o n  rates 
(un less  t h e r e  are remaining water molecules which are so c l o s e l y  l i n k e d  
wi th  t h e  a r a ~ t i c  f u n c t i o n a l i t i e s  t h a t  they are n o t  removed by d ry ing  a t  
383K f o r  48 hours) .  
The s h o r t  r e l a x a t i o n  t imes of low rank cmals appear to be caused by a 
&l port ion of t h e i r  h igh  moisture content.  Therefore, an a t t empt  was 
made to increase  t h e  moisture content  of a high v o l a t i l e  9 bituminous coal. 
A sample of  Su l l ivan  North coal (NZ 52 1 was soaked i n  d i s  tillel water f o r  
26 hours. However, it was found ?hat t h e  high rank coal  m u l d  not  absorb 
misture, ie wuld no t  " w e t w .  The coal. contained 0.7% r m i s t u r e  p r i o r  to 
imistening,  b u t  on ly  1.1% m i s t u r e  a f t e r  soaking. 
The n's f o r  a l i p h a t i c  and armatic protons were: 
%M =IH (S)  
a l i p l l a t i c  aromatic 
0.7 0.327 (0.015) 0.348 (0.012) 
1.1 0.345 (0.012) 0.352 (0.010) 
Moistening of  high rank coals, wiLh long values, w i l l  n o t  i n c r e a s e  
t h e  re laxa t ion  rates. 
.The relaxat ion r a t e s  of the d r i e d  and D20 exchanged l i g n i t e  are still 
r e l a t i v e l y  f a s t ,  a t  approximately 0.06s. Therefore, o t h e r  f a c t o r s  must be 
con t r ibu t ing  to t h e  r e l a x a t i o n  mechanism. 
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7.1.4 The Influence of Coal Structure 
Many models have been developed to represent the structure of 
&(l4 1. The representative partial structures of Wender (Figure 2.19 
demnstrate the type of structures that contribute to the polymer lattice 
of a d s  of different ranks. An appreciation of the mcrostructure of the 
coals can be gained £ran these submits. Hirsch(l5) dweloped a schanatic 
picture of the packing of -tic and aliphatic material in mal.  An 
adaptation of his concept is shown in ~igure 7.8. 
Coals of lawler tanks have an "open str~cture~(~~,~6) within which the 
a m t i c  lamellae are randanly oriented and connected by many cross-links 
(Figure 7 . b )  . At higher ranks the number of linkages decrsases as the 
aliphatic and heteroatan contents diminish and the aramticity increases. 
The degree of alignment of the lamdllae has also increased. "The pores 
gradually disappear, and the packing of the local parallel groups is 
essentially liquid typen(15) (Figure 7.8b). The coal has an "anthracitem 
structure at very high ranks, which is tending towards being graphitic in 
nature. mere are virtually no cross-links and the =tic units are 
highly layered. Polyaranatic structures are carman (Figure 7.8~). 
The concept of a liquid-like structure for the bituminous coals is 
supported by the behaviour of many physical properties which exhibit IMxinra 
or minima at this rank. Minim occur in the magnitude of the cmal 
density( 17 18,19 ) , pore voluarre( X) ) , porosi ty(19 r 21 ) and surface 
,(19,20). Maxima are found in coal reactivity properties such as 
plasticity(21,22) and grindability(17r20) . Miyazawa et ) have 
correlated proton spin-lattice relaxation times of 4 s  with the optical 
texture of the corresponding cokes. 
The swelling number (SN) is the only physical property that has been 
measured for all of the bituminous coals. The plot in Figure 7.9 shaws 
that there is a broad correlation between the proton T1 and the SN. The SN 
prwides only a preliminary measure of relative coking characteristics(24 1. 
Gieseler fluidity tests have been performed on four high swelling 
bitminaus coals (NZ46 to 49). The data plotted in Figure 7.10 indicate 
that the two order of magnitude change in plasticity (as measured by the 
maximum fluidity) does not influence the TIH value. 
The main difference between the plasticity tests and the SN 
measurement is the rate of heating. Fluidity tests involve heating the 
/ 
H L aromatic ring wlamella"- 
group of layers 
"micelle"., A 
\ -l- 5 < I 
, polyaromatic 
/ unit 
Figure 7.8: An adaptation of the ~irsch(l5) model of the p h y s i d  
structure of coals of increasing ranks. a) "Open structure", b) "liquid 
structuren, c) "anthracite structure1'. 
Figure 7.9: Plot of the Q values against the swelling number (SN). 
Lignites, subbituminous and very high rank 4 s  have SN = 0. Therefore, 
the average T'H values for these ranks were plotted. 
Maximum Fluidity ( ddm) 
Figure 7.10: TIH values for four high v o l a t i l e  A bituminous coals that 
exhibit variable r r r a x h  f luidit ies.  
coal slowly at a constant rate and are thought to be a nreasurment of the 
micellar and W a r  rr~bilit~(*~). The masuranent of the SN, however, 
involves the very rapid heating of the coal and depends on the "rate of 
dega~ification"(~2). The SN is highest when the volatile matter can not 
escape quickly but swells the coal to form a large mke button. 
The fact that the magnitude of m exhibits a broad mrrelation with 
the SN, but not the fluidity, is significant. The mobility of the sub- 
units in the coal. (ie fluidity) must be partly determined by the nmber of 
cross-links and how easily these linkages are broken. If spin diffusion is 
being inhibited by the small number of cross-links, then it wuld be 
exp&%d that T ~ H  would exhibit a partial dependence on fluidity. The SN, 
on the other hand, is probably an inverse indication of the porosity of the 
coal; ie a l w  porosity would inhibit the release of volatile mtter. 
A low porosity would also limit the accessibility of oxygen to the 
coal structure, Molecular' oxygen can initiate spin-lattice relaxation as 
it is a di-radical. The influence of oxygen could not be directly assessed 
in this study. Haever, it has been found that spin-lattice relaxation 
times increase when the sample is evacuated( 3 r 9 1. 
The porosity of Amrican cuals has been studied by Gan et al(l9). 
Three types of r e  volurrres r e  defined; mcropores (300-29600 A),  
transitional pores ( 12-300 A) and micropores ( 4-12 9) . The porosity of 
1- rank coals was primarily due to the presence of mcropres. In the 
bitdnous range, the transitional pores and micropores deterinine the 
porosity. T'H values would be expected to increase w i t h  incrwsir~g 
lnicmporosity as the micropores wuld inhibit the access of oxygen to the 
structure. 
The mcroporosity of the low rank coals may explain the fast 
relaxation even after intensive drying. Not only would the structure be 
easily accessible to oxygen, but the large pores muld also provide space 
Eor.the mvement of flexible units, eg allw rotation of methyl groups and 
motion in alkyl chains(1). 
Microporosity is daninant in higher rank coals. It would be expected 
therefore that these coals would have very long relaxation rates. This is 
not obsenred. The nmber of cross-links decreases as dification 
proceeds, and .the ply-aranatic units become increasingly rigid. The 
decreased mobility wuld also be expected to lengthen relaxation rates. 
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H-, the cancentration of free-radicals in these coals has greatly 
increased, which enhances the likelihood of spin diffusion occurring to a 
proton in the vicinity of a free radical.. 
7 -1.5 Sumary of m Behaviour 
It is evident £ran the previous discussion that "spin-lattice 
relaxation ... is sensitive to chemical and physical properties of 
d " ( 2 6 )  
The fact that the a m t i c  protons exhibit consistently faster spin- 
lattice relaxation than the aliphatic protons (despite various treatments) 
is in agreement with the conclusions of Sullivan and ~aciel(2); ie that 
this difference is a result of intrinsic aranatic-rich and aliphatic-rich 
regions within the codl structure. For example, derivatives of the 
original plant fragments, such as the ara~tic lignin and tannin 
strueures, and the aliphatic lipid material, m y  persist during 
coalification as distinct entities. The semi-isolation of these 
rnacroscapic particles would cause the breakdown of spin-diffusion. 
The contributing influences, which determine the magnitudes of the 
TIH values for particular coal ranks, can be distinguished. 
The spin-lattice relaxation is fast for low rank cods because of the 
high degree of functional group mbility allowed by the "open structuren. 
The short proton R's are enhanced by the presence of strongly held water 
molecules within the m a l  structure and the presence of molecular oxygen in 
the mcrapores. 
The functional group mbility and the misture content have decreased 
in the bituminous rank of coals. The proton q f s  appear to be strongly 
influencd by the .porosity of the "liquid structure". A low porosity 
results in a low accessibility of mlecular oxygen to the structure. The 
increase in T ~ H  values may also be associated with changes in the types of 
functional groups present; ie changes in the modes of mlecular mtion. 
Therefore, spin-lattice relmtion can be an order of magnitude slower than 
that observed in low rank coals. 
The rate of spin-lattice relaxation increases in higher rank 
bituminous coals and semianthracites despite the rigid structure(27) and 
l w  porosity. The short proton R's are ass& to be due to the presence 
of large concentrations of free-radicals and efficient spin diffusion. 
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Other Relaxation Time Constants 
The remining time constants, the cross-polarisation time, TQI and the 
proton and carbon spin-lattice relaxation constants in the rotating frame, 
5, Q H and T1 Q C ,  Were nvgasured for nineteen m l e s  that span the rank 
range of the Australasian coals. The time constant data are tabulated in 
Appenaix 4.4. 
7.2-1 T a  
The cross-polarisation rates were fast ((0.4 m),  in general. It was 
not possible to measure T a  values accurately for all of the signals 
present in the coal spectra. 
The TQI values of the main aliphatic and aranatic signals are plotted 
against carbon content in Figure 7.11. The T a  values of the aranatic 
signals are consistently larger than those measured for the aliphatic 
signals. This diffeience is greater for the low rank oodls than for the 
high rank coals; ie the cross-polarisation rate of the aranatic carbons 
increases with increasing coal rank. The T a  values of the aliphatic 
carbons also decrease with increasing rank but the change is not as marked 
as that of the ara~tic carbons. longer T a  values for aranatic carbons 
than for aliphatic carbons have been observed for coals(3, 28-31) , rrrodel 
-&(32) and ~ ( 3 3 ) .  
The rate of cross-polarisation is determined by a number of 
fa~tors(3~). The T a  values are principally dependent on the sixth power 
of the IH to 13c internuclear distances(32r 34).  E'er example, 
"cross-polarisation in -CH2 should be twice as effective as in a, all 
other factors being equal (32) , Motion within the lattice also influences 
Ta values. The cross-polarisation rates are longer for more mobile 
carbons as "molecular mtion attenuates the 13c-l~ and ~HJH dipolar 
interactionsn (32). TQI values also increase with faster spinning 
rates(32) (particularly rates greater than 3kHz), m v e r ,  the TCA values 
are directly cc-able in this study, as the samples were rotated at 
approximately the same rate ( 2.5kHz). 
The faster cross-polarisation rates of the aliphatic carbon reflects 
the higher degree of protonation. The decrease in T m  values with 
increasing carbon content is probably the result of the increasing rigidity 
of the coal lattice at higher' ranks. The decrease in the T a  values of 
Figure 7.11: T a  values for armt ic  (open) and aliphatic (solid) carbons 
p lo t ted  aga ins t  carbon content. 
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aranatic carbons can be partly attributed to the increasing concentration 
of a m t i c  carbons bonded to hydrogen (see Chapter 101; ie the degree of 
oxygen substitution of the aranatic rings is decreasing rapidly. The fact 
that the magnitudes of the t m  TCH values are similar for high rank coals 
is the result of the increasing influence of the a m t i c  SSB signal on the 
aliphatic band. 
The ~ Q H  values for the main aliphatic ard a m t i c  signals are 
plotted against carbon content in Figure 7 -12. ~ Q H  values were also 
measured for the methoxyl signal in the five lignite spectra (56 p p ) ,  and 
the methyl signal (15 p p )  and -tic C 4  signal (lignites-148 ppn, other 
mals 154 p p )  in spectra of fifteen d s .  R11 of the Tlpa values fall 
into a narrow range of values (1.6 to 4.0 m) and were relatively constant 
with increasing rank. A trend was observed in the mgnitudes of the 
relaxation rates for particular carbon types and is sumnarised belw: 
Carbon Signal 'VH SD 
Type (ppn> (m) (m 
4533 15 2.2 0.3 
-2 3 0 2.4 0.3 
-3 5 6 2.7 0.3 
Armtic C-H 128 2.9 0.4 
Armtic C 4  154(148) 3.2 0.4 
The longer relaxation rates obs&xed for armtic protons than for 
aliphatic protons has been noted by sane(30r32r35) but not all(3r29) 
workers. The efficiency of spin-diffusion in the rotating f ram must also 
be hindered by the presence of aromatic-rich and aliphatic-rich dcrnains as 
"the ideal solid should have a unif o m  Tw H throughoutw (32 ) . The relative 
magnitudes of the relaxation rates of the aliphatic functional groups are 
consistent with the sensitivity of q p ~  to mlecular n~tion(3~). 
The values for coals published in the literature exhibit a large 
range of mgnitudes. Measuranents performed on instruments operating at 
fields of 15 .l MHz(~* r35) resulted in values in the range 3.8 to 
5 -6 m. Results frm experiments performed at 13c fields of 22.6 MHz gave 
varied ranges of T ~ H  values: frm 0.15 to 4.0 m ~ ( 3 ~ )  to 1.9 to 5.5 
These relaxation experiments were performed on a variety of coals of 
different rank. Hwwer, it is mre likely that this great diversity in 
T ~ Q H  values is a result of the variation in spin-locking field strengths 
used by the different workers(32). 
T ~ Q H  values have been found to k inversely dependent on the 
paramagnetic ion content: eg iron(8) and copper(36). Therefore, T ~ P H  
Figure 7.12: Q E values for the plymethylene signal a t  30 p p  (solid) 
and the main aranatic signal at 128 ppn (open) plotted against carbon 
content. 
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values were also measured for the seventeen acid-washed samples. Tn2 
results are sumnarised in Table 7.2. Acid-washing does not consistently 
af fect the magnitudes of ~ Q H  for all coal ranks. H m e v e r  , the relaxation 
rates of the protons in lignites do show aconsistent increase-The T w y  
values for both types of aromatic carbon increase on average by 0.8 ms 
(SD = 0.h). The ~ Q H  value for the methylene signal increases by 0.4 ms 
(SD = 0.1 m s  ) . The methyl and mthoxyl T ~ Q H  values are not consistently 
altered but show an average increase of 0.5 ms (SD = 0.6 m s  1 . If the 
paramagnetic iron is associated with the large fraction of oxygen 
substituted a m t i c  functionalities present in the lignite, then the acid- 
washing treatment would be expected to preferentially lengthen the aromatic 
relaxation rate. The observed changes represent an approximately 25% 
decrease in the relaxation rates of -tic protons in canparison with an 
average 19% decrease in aliphatic proton relaxation rates. Hc~devec, l2-1 i-a 
rlifference is not significant when the measurement error (-5%) is taken 
into account. 
The data in Table 7.2 shows that the increase in T@H values is not 
substantial 'and is not uniform for all coal ranks. ~cid-washing is not an 
eEfective sample pre-treatmmt in this regard. 
The magnetisation decay in spin-locking expriments was found to be 
norl-exponential (~iqure 7.13). Therefore, the reported QqC values are 
average time constants which are weighted towards the initial part of the 
slope(l ,37 ) . The causes of TV C Maviour have ken studied in detail by 
Schaefer et al(38 1. The relaxation rates are not averaged as there is 
little spin-spin contribution to ~ Q C  (ie spin4iffusion). The "observed 
T u  is a sum of relaxation rates, producing a non linear apLOearance to a 
standard semilog plotn(39). It is thought that the initial slope 
represents a ~ _ Q C  ddnated by spin-lattice processes while the final slope 
reflects a q p c  determined by spin-spin processes(39). Howwer, the 
relative T1 C data can be -red as long as similar parts of the Q 
relaxation curves are studied(39 ) . 
The absence of spin-diffusion also results in different magnitudes of 
T ~ Q  C values for different carbon types. The relaxation times were 
consistently found to be in the order: 
4332- < -CH3 < -OCH3 < Aranatic C-H < Armtic C 4  



































































































































which is consistent with TUC behaviour observed by other 
workers(28~35r~O). The trend in !F14 C values follows the pattern 
expcted(1) for relaxation arising fran "the effect of molecular mtion 
within the lattice on internuclear dipolar interactionsn ( 38 ) . 
The T ~ Q C  values for the main aliphatic and aranatic signals are 
plotted against carbon content in Figure 7.14. The tendency of the TUC 
values to merge towards a carman value at higher carbon contents reflects 
the influence of the aranatic SSB on the aliphatic envelope. 
Wilson et noted that the aranatic signal of a Loy Yang brown axl 
decayed more slowly than that of a Liddell bituminous coal. H-er, they 
also observed a similar behaviour for the aliphatic signals which is 
contrary to the trend shown in Figure 7.14, 
The results of this relaxation study serve t w o  purposes: 
i. They provide an insight into the important properties of coal that are 
controlling this facet of their N!R behaviour. 
ii, They indicate the magnitude of the instrumental settings necessary for 
quantitative NMR of &S. 
The best signal-to-noise ratio (s/N) is obtained using a delay of 
approximately 1.2 m between pulse sequences (2 ) , However, it is necessary 
to leave a delay of five times the longest measured T ~ H  value, to obtain 
signals that are representative of the relative .mounts of carbon in the 
sample(*). Ihe relatively srnall proton q values, masured for the low 
rank coals, means that a short delay (eg 0 -15 S can be used. The proton 
T1 must be neasured for individual samples for coals of rank higher than 
subbitdnous, and the delay set accordingly. 
The requirement that T a  be significantly smaller than both TQYH and 
T~QC was found to hold for coals of all ranks. A standard contact time af 
1 m s  was chosen as appropriate, in that it fulfils the condition: 
Tar < contact time << q q H ,  T l q ~  
ie, to allow for maximum cross-polarisation of all carbons befora 
significant deterioration of the intensity occurs via and  tie,^ 
processes. The selection of a 1 ms contact period has been made by many 
workers studying coal by NMR ( 41-44 ) . 
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NMEt VISIBILITY 
Introduction 
"The fundamental pre-requisite for quantitative applications ... 
demands that the masurement of Ct does in fact reflect the unit intensity 
response f ran all carbons in coalw(l) . 
The possibility that the NMEt technique is not "seeingn all of the 
carbon has been subject to great debate(1-4). Attatlpts to evaluate the 
visibilityw have resulted in estimates ranging £ran 36%(2) to 100%(3) 
response. It is also not clear whether the signal obscured fran NMR 
represents the broad range of carbon functionalities or whether one 
particular type of carbon is invisible to the technique. 
It was observed that the signal-to-noise ratios (S/N) of the spectra 
of Australasian 4 s  were not proportional to the munt of carbon in the 
sample. Evidence was al& found for detuning of the coil by the coal 
sample. This detuning effect has also been observed by other workers (2 r ) . 
The characteristics of coal that are detrimental to the NMR response must 
be evaluated. It has been suggested that the magnetic properties (eg the 
paramagnetic content(4) ) of the samples are the cause of variable response. 
An wNMR visibilityw study was therefore designed with the following aims: 
i. To quantify the magnetic properties of the samples by a magnetic 
susceptibility study. 
ii. ?b quantify the response of the carbon content by the use of a signal 
amplitude standard. 
iii. To assess possible pre-treatmnts that might improve the NMR response 
of the carbon content of coal. 
8.2.1 Magnetic Susceptibility 
The magnetic susceptibility is defined as the ratio of the intensity 
of magnetisation, I, to the magnetic field strength, ~ ( 5 )  . The mass 
susceptibility, l( , is defined as: 
X =  I/~H [8.11 
where d is the density. The magnetic susceptibility data will be reported 
here in terms of the cgs-arm (Gaussian) mnventions(6r7) for ease of 
canparison with published magnetic susceptibility studies. 
Diamagnetic substances have a slightly negative mgnet ic 
susceptibility (C d - -10-6 BM g-1 ) which is independent of temperature (T 
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and field strength (H). Paramagnetic substances exhibit a positive 
susceptibility (X pH 10-~ to 10-~ mu g-1) which is proportional to T~ but 
is also independent of H. The susceptibility of ferranagnetic substances 
is dependent on ~1 and HI. 
The mgnetic susceptibility can be divided into three contributions by 
the Honda4wen equation(8 ) : 
X = X p + X d +  ( ofi) 18-21 
where a is the ferranagnetic saturation magnetisation. In practice, the 
sum of the diamagnetic and paramagnetic susceptibilities, h, is obtained 
fran: 
X = X,+  (afi) r8.31 
ie, X. is the intercept of the plot of o b s d  susceptibility against the 
inverse of the field strength (Figure 8.1). The l~gnitude of the 
ferranagnetic content is estimated £ran the slope of the plot. 
8.2.1.1 Measurenent of X and.a 
Magnetic susceptibilities of the axl samples were measured on a 
Faraday balance. A microbalance was used to -ure the apparent increase 
in weight due to the applied magnetic field. The interaction of the 
applied magnetic field with the mechanism of the microbalance caused the 
weight readings to show a m 1 1  linear dependence on the field strength. 
A U  weight readings were corrected for this systaMtic error. 
The susceptibility is obtained £ran the weight readings (W) using the 
expression : 
Kx = A W = w e n t  change in mss with magnetic field 
W 
L8.41 
mss of substance 
K is the constant for the apparatus which was determined by studying 
standards of known susceptibility. The main ampound used as a standard 
was Hg[(b(CNS 14 l which has a susceptibility of 16 -44 X 10'6 e m  g-1- Three 
other standhrds were also studied to check the calibration of the 
instrument: ki(enI3 S203 (X = 0.109 X 10-~ wu g-1), A n a l a r  Al (X= 16.5 
X 10-~ arm g-1) and, Dglu-e (X = -0.563 x 10-~ mu g-1 1 ( 1. 
Repeated magnetic susceptibility msurements on small samples 
( (10- 1 of one coal often produced variable X and 0-values (+ - 50% 1.  
This result suggested that the magnetic mterial was not uniformly 
distributed throughout the samples. The X values of the acid-washed 




Figure 8.1: Dependence of the magnetic susceptibility on the magnetic 
field strength. 
Chenical Treatments 
8.2.2.1 Treatment with Acid 
Concentrated HC1 was used for the acid-washing treatment following the 
reammdations of ~chaefer(l0). The acid treatment w s  performed on lg of 
coal. Where larger or smaller q l e s  were acid-washed, the following 
quantities were scaled appropriately. 
lg of coal was soaked in lOml of 6M HC1 at roan temperature (RT) for 
five days. The acid-treated coal was washed w i t h  distilled water and air- 
dried (roan tanperature) wer silica gel for several days. m e  acid-wash 
solution was diluted to three strengths for atunic abosorption (AA) 
analysis. 
Acid-washing experiments were also performed for various lengths of 
time. In this case, eleven samples (0.5g) of the same coal were soaked in 
5ml of acid. The d samples were ranoved £ran the solution after various 
time periods had elapsed. 
8.2.2.2 Iron Exchanqe 
The iron-exchange procedure used in this study is that developed for 
coal by schaefer(l0 1. lg of acid-washed c 4  was soaked in 20ml of freshly 
prepared 0.05M ferrous sulphate solution for t w o  days. The iron-exchanged 
coal was washed and dried in the same manner as the acid-washed coals. 
8.2.3 Determination of Iron Contents 
The iron mntents of the wals were detennined by X-ray fluorescence 
XRF (Soil Bureau, DSIR) when large amunts of sample were available. Iron 
contents of very small samples (eg ashes) were detemdned by Spark Ebission 
Spectroswpy, SES (Chdstry Division, DSIR). The iron contents of the 
acid-wash solutions were determined by Atanic Absorption Spectroscopy 
(Analytical Facility, W). 
8.2.4 Other Tkchniques 
The coal samples were oven-dried prior to infra-red (IR) study, to 
reduce the interference of misture. Disks were prepared fran 198 mg of 
KBr and 2mg of ooal sample which had been thoroughly mixed in a miniature 
ball mill for two minutes. 
Spectra were recorded on a Digilab Qualhtic m instruarrent 
( courtesy of Bio-Rad Laboratories Pty Limited, Australia) . 
Spectra of selected samples were remrded on Mcessbauer insitrunrents at 
Spectroscopy Section (DSIR) , Chemistry Department (W) and Soil Bureau 
(mm). 
8.3 Magnetic Susceptibility Study 
nMost measurenents of magnetic susceptibility of coals have been 
directed toward an understanding of their armtic ring hydrocarbon 
structure through the diamagnetismw (U 1. 
The first study of the magnetic properties of codl was reported by 
Wooster and Wooster(l2). It was observed that acid-treated coal was 
diamagnetic at RT, but that the magnitude of this diamagnetism was variable 
between samples. Honda and ouchi(5) also studied the diamagnetic 
susceptibility of acid-washed coals. Recent mgnetic studies have 
concentrated on untreated coals (ie including nimpuritiesn) with a view to 
improving magnetic desulphurisation methods for the industrial use of 
coa1(8,lJ-,14). Alexander et found that mst samples did not shaw a 
ferranagnetic canponent but that a was large for particular samples. 
8.3.1 Results 
The dependence of the observed magnetic susceptibility on the field 
strength is shown in Figure 8 - 2 ,  for three coals with varying ferranagnetic 
contents. The straight lines indicate that the ferranagnetic material is 
canpletely saturated by the applied field(l4). The slopes, U, and 
intercepts, X , were obtained for all of the selected coals and are given 
in Table 8.1. 
Figure 8.2: ESramples of the variable dependence of coal magnetic 
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The magnitudes of the magnetic parameters fall well within the range 
of values observed by A l d e r  et ) for PJnerican -1s. They measured 
a mximun magnetic susceptibility of X , = 10.6 X 10-6 emu for one 
sample and a maximum saturation of a = 312.1 X 10-~ arm g'1 for another 
coal. It is interesting to note that a ferra~gnetic canpnent is more 
canmn in the Australasian coals studied here than the American coals, 
The magnetic parameters exhibit great variability with rank. For 
example, the magnetic susceptibility shows only a minor correlation 
(R = -0.521) with the carbon content (Figure 8.3). Almder et al(8) and 
~onda(l~) found that the paramagnetic susceptibility correlated inversely 
with the carbon content. The slight correlation shown in Figure 8.3 may 
therefore be caused by the paramagnetic wnponent of X,. 
The mst 'negative susceptibility value OC = -0.56 X 10-6 mu g-1) 
was observed for the Webb bituminous coal. This value is similar to the 
diamagnetic susceptibility of coal(7) which arises f ran "f ree-radicals , 
unpaired electrons and broken bondsn(8). High parirmagnetic susceptibility 
values have been assigned to the presence of the mineral rnatter in 
coals(8). However, no correlation was observed between the magnetic 
susceptibility data and the ash content of either the Australasian coals 
(Figure 8.4) or the American ~he'data plotted in Figure 8.5 
suggest that the magnitude of X, is partly dependent on the iron content, 
but the correlation is not good (R = 0.752). 
The ferranagnetic saturation values exhibit no significant correlation 
with carbon content (Figure 8.6), ash content (Figure 8 -7  ) or total iron 
content (Figure 8.8). There is a slight tendency for susceptibilities of 
higher rank coals to contain a ferranagnetic canponent, It can be seen 
that t w o  samples exhibit ananalously high a values. Alexander et al(8) 
have studied similar "abnormaln samples and assigned the unusually high 
magnetisation constants to the presence of distinct ferranagnetic 
particles ; eg fragments of magnetite. 
In conclusion, the Australasian coals contain varying amunts of 
paramagnetic and ferramgnetic mterial; but the magnetic character of the 
coal is unpredictable. 
Figure 8.3: Plot of the sum of the diamagnetic and paramagnetic 
susceptibilities against  the carbon content, Symbols as for Figure 5.16. 

Figure 8.5: Plot of the sun of susceptibilities against the iron mntent 
of the d s .  





Figure 8.7: Plot of the ferra~gnetic saturation values against the ash 
con tent. 
Fiqure 8.8: Plot of the ferra~gnetic saturation values against the iron 
content. 
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8-4 Signal Pmplitude Standard 
The use of an internal signal amplitude standard to characterise the 
NMR visibility of coal has been attempted previously by Wemner, Pines and 
Whitehurst(3). This method has the advantage that  the signal intensities 
can be directly ampared without reference to the total intensity. Any 
canparison of the absolute intensities of separate coal and d e l  canpound 
spectra relies on the assumption that the spectraneter conditions (eg probe 
tuning) do not alter. 
8,4.1 The Selection of a Standard 
A useful reference standard would have the following characteristics: 
i. The cunpound should be able to be easily mixed with the coal (eg be a 
powder of similar mesh size); 
ii. It should have a short proton T1 so that a reasonable number of 
transients (eg = 1000) can be acquired in a short period; 
iii, It should have a relatively simple NMR spectrum containing signals 
tha t  are easily distinguished £ran the signals of the coal spectrum; 
iv. It should have a high "visibilityoq. 
Five materials were selected as being possible standards: 
i. amonium tartrate ( W ) ,  "ANALAR" grade 
ii. syringic acid (SA) 
iii. Dopa (3-hydroxy-tyrosine) 
iv. Cellulose 
v, Klason lignin (Rauri) 
The first three canpounds are crystalline and readily blend with 
powdered m. Finely ground Klason lignin is also suitable for mixing. 
Cellulose will not easily combine with coal, as it has a light "fluffy" 
texture. 
The spectra of these five materials are shown above the spectrum of a 
lignite in Figure 8.9. The armtic region of lignin spectrum is similar in 
features to that in the coal spectrum. The strong signals in the lignin 
spectrum (57 pp, 148 pp) overlap with signals in the coal spectrum, 
Therefore, the relative changes in signal strength, that will occur when 
the coal and lignin standard are mixed, cannot be readily assessed, The 
cellulose spectrum contains a strong signal at 74 p p  which lies between 
Figure 8.9: -a of six nudel cmpunds in canparison with the spectnmn 
of a lignite. Dotted lines define the c h d c a l  shift regions - 60 to 90 
p p ,  165 to 195 p p .  a)  AT, b) SA, c) Dopa, d) celldose, e )  Klason 
lignin, f) Wahnnu (I) lignite. 
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the aranatic and aliphatic envelopes of the coal spectrum. The Dapa and SA 
spectra exhibit several strong peaks, but these tend to overlap with 
signals in the coal spectra. The Dopa and SA spectra are also qlicated 
by the presence of m y  SSB signals. The spectnnn of AT is the least 
canplex with only two strong signals (75 pp, 180 ppn) and very weak SS&. 
Both signals are in convenient positions for monitoring the relative signal 
changes. 
The proton relaxation constants are given in Table 8.2. A contact 
time of lOOOp was ample for cross-polarisation in all cases. The carbon 
contents of the lignin sample were estimated from the ccsnposition of 
conifer lignins published by E'reudenberg and ~eish(l~) (Cg R7.95 02.40 
(~~~3)0,92) and by et a1(17) ( ~ g  H8.83 02-37 (m3)0.96). 
It can be seen that exhibits the mst suitable relaxaaon 
behaviour, ie the shortest m and longest T~QH. 
The NMR visibility of SA, Dopa, cellulose and lignin were measured 
relative to AT. The visibility was determined in the following rrranner. The 
spectra of the ampounds were divided into three areas which were defined 
so that the middle area (B) overlapped with a strong signal in the AT 
spectrum. Wo conventions for dividing the spectrum were defined according 
to the diagram in Figure 8 -10. The ratio of the middle area (B) to the 
total area (T = A + M )  was estimated from the spectra of 0.3g of sample. 
The B/T value was then c~npared .with the same ratio obtain £ran the 
spectrum of a 0.3g mixture canposed of 50% campound and 50% AT. 
The convention employed for dividing the spectra was dependent on the 
overlap of the signals with those of AT. The spectra in Figure 8.9 show 
that the AT signal at 75 ppn coincides with regions containing very little 
signal intensity in the spectra of SA and Dopa. Conversely, this AT signal 
overlaps with the very strong cellulose signal and with a band of 
considerable intensity in the lignin spectrum. The AT signal at 180 ppn 
coincides with an SSB in the lignin spectrum and with a very small second 
order SSB in the cellulose spectrum (not visible in Figure 8.91, Thus, 
convention (i) was used to divide the spectra of SA and Dopa, while 
convention (ii) was errplayed for division of the lignin and cellulose 
spectra, 
(a) Position of signal for which T measured 
(b) Standard deviation 
( c) Lignin canposition - ~reudenberg(l~ ) 






TABLE 8.3 : VISIBILITY DATA FOR mDEL O U N D S  







(a) Convention used (Figure 8.10) 
















































































Figure 8.10: Definition of conventions for dividing spectra of mixtures of 
AT (reference) and sample of interest. 
1 0 4  
The fraction, F, defined as 
F = B/T 18.5 l 
was determined for all of the spectra. The ratio of the observed carbon in 
the sample relative to observed carbon for AT is given by: 
KE = (FAT - FmX)/(Fm - Fi) 18.61 
where FAT and Fi are the fraction for AT and the second sample, 
respectively, and F ~ x  is the fraction observed for the 50:50 mixture. 
The K-values are then corrected for loss of signal area due to ~ Q H  
effects. The Q H values listed in Table 8.2 were used to calculate the 
lost signal area relative to AT. Where more than one T ~ Q H  value was 
measured, the weighted average was used in the estimation. The corrected 
K-values are labelled KC. 
The theoretical ratio, KT, defined as: 
xT=% Ci/% CAT [8.71 
was calculated from the carbon contents listed in Table 8.2. The moisture 
(Table 8.2) contents of the cellulose and lignin samples were taken into 
account wh& estimating %Ci. The NMR visibility "V", expressed as a 
percentage relative to AT, is given by: 
V = (KC/KT) * 100 l8.81 
The results of these visibility estimations are given in Table 8.3. 
The V-values show that the NMR visibility of AT appears to be considerably 
greater than that of the other possible standards. The results of a 
detailed study into the NiclR response of many organic cmpounds(18) showed 
that there are other ~el~ctmpounds (eg m n i u m  oxalate, amnonium 
carbonate) that exhibit significantly higher NMR visibilities than AT. 
However, AT is readily available in analytical purity and was found to be 
the most suitable reference material of the five ampounds studied. AT was 
therefore selected as the signal amplitude standard for the coal visibility 
study . 
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8.4.2 Coal Visibility 
The NMR visibilities of all lignites and selected higher rank coals 
were studied in oanparison with AT as an external and internal standard, 
8.4.2.1 External Standard 
The S- of 0.3g of oven-dried coal ms ampred with the m 
of 0.39 of AT obtained under identid spectraneter conditions. A 
visibility value V* was defined as the ratio of the total signal area 
measured for the coal relative to the signal area of the AT spectrcrm. The 
"*" indicates the use of an external standard. The signal areas were 
corrected for the relative carbon contents. The V-values were not 
corrected for q q ~  effects as the relaxation oonstants of the signal areas 
were not determined. Therefore, the V*-values will be slightly lower than 
the actual visibilities. HWwer, -a cmprison of the relative V*-values 
is valid as the 'QQH values do not vary greatly with increasing rank 
(Chapter 7 1. fie coal samples were oven-ied prior to weighing and the 
carbon contents were corrected for the ash content of the ads. 
The V*-values are listed in Table 8.4 and are plotted against the 
carbon content in Figure 8.11. The NMR visibilities are very low in 
amprison with m. There is a tendency tmards lower visibility at higher 
rank, although the wide range of V*-values obtained for the lignites 
(15% to 32%) obscures this trend. 
The V*-values are plotted against the t m  metic susceptibility 
parameters in Figures 8.12 and 8.13. The variable visibility is not 
related to variations in either the paramagnetic (X O) or the 
ferranagnetic (a) susceptibility values. However, the data shown in Figure 
8.13 indicate that a high ferranagnetic content in the coal may cause a 
law m visibility. 
Internal Standard 
The measuranent of visibility data using AT'as an internal standard 
was described in section 8.4.1. The data for the coals were obtained using 
convention ( i 1 of Figure 8.10 for the division of spectra and are listed in 
Table 8.5. These V-values were also not corrected for g H effects . 
The V-values are plotted against the carbon mntents in Figure 8.14. 
The V-values show the tendency to decrease for higher ranks. The V-values 
!CAELE 8.4 : VISIBILITY DATA FDR COALS - EXERNAL STANDARD 
1 (a) Signal area - arbitrary units. 
P 
V* 






































































































Figure 8.11: Plot of the coal visibility, derived using an external 
standard, against carbon content. 
X id6 (emu g-' 1 
0 
Fiqure 8.12: Plot of the visibility data, derived using an external 
standard, against the sum of the diamagnetic and paramagnetic 
susceptibilities. 
5 -0 70 
b x  10-~ (emu g-l) 
Figure 8.13: Plot of the vis ibi l i ty  data, derived using an external 
standard, against the ferranagnetic saturation parameter. 


























Fi Fmix K KT V 
0.076 0.238 0.580 2.23 26 .l 
0.117 0.247 0.643 2.35 27.0 
0.102 0.249 0.565 2.40 23.5 
0.102 0.258 0.474 2.32 20.5 
0.U9 0.239 0.775 2.34 33.1 
0.102 0.268 0.386 2.45 15.8 
0.123 0.295 0.215 2.40 9.0 
0;125 0.274 0.389 2.50 15.6 
0.132 0.271 0.439 2.46 17.8 
0.102 0.266 0.402 2.51 16.0 
0.114 0.262 0.473 2.50 18.9 
0.085 0.247 0.525 2.62 20.0 
0.090 0.241 0.603 2.67 22.6 
0.097 0.239 0.655 2.82 23.3 
0.113 0.224 0.973 2.57 37.9 
0.096 0.252 0.513 2.87 17.9 
0.097 0.270 0,358 - - 
0.111 0.260 0.483 3.00 16.1 
0.101 0.269 0.375 3 .l6 ll.8 
O.ll1 0.196 1.6 2.90 55.2 
0.103 0.263 0.431 3.08 15.2 
0.133 0.259 0.579 3 -18 16.7 



























Figure 8.14: P l o t  of the coal visibility data, derived using an in ternal  
standard, against  the carbon content. a) Southland lignites, b) Central 
Otago lignites. 
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obtained for the lignites vary £ran 9% to 38%, ie a wider range than that 
observed in the V*-values. The large differences in visibilities observed 
for the lignites is of particular interest. The Central Otago lignites 
exhibit consistently higher V-values (average V = 28.0%, SD = 3.4% than 
those of the Southland lignites (average V = 15-58, SD = 3.1%). 
The V-values are, in general, not significantly different frun the 
V*-values. The average difference between the two values was -2% with a 
standard deviation of 6%. It can be seen that there are two mjor 
exceptions to this generalisation. The V-values measured for the Ohai and 
Liddell samples are very high in c~nparison with the data obtained for the 
other coals. 
A clue to the origin of this deviation can be gained from the data 
shown in Figures 8.15 and 8.16. The V-values show no correlation with the 
X values. However, the high ferranagnetic content of the Liddell and 
Ohai codls appears to be responsible for the high visibility values. This 
trend is in contrast to that observed in Figure 8.13 and is the reverse of 
the acpected influence of a high magnetic content. The fact that the 
visibility data obtained with and without an internal standard are not 
similar provides direct evidence for a detuning effect. 
8.4.2.3 Evidence for Detuning 
The probe detuning effect of the coal sample can be seen in the 
spectra plotted in Figure 8.17. The Weavers-AT spectrum (Figure 8.17b) is 
typical of those obtained for mst of the coals. The fact that the AT 
signals in Figures 8.17dff are reduced in conjunction with the mal signals 
is consistent with probe detuning. 
The examples given in Figure 8.17 also shaw that the AT signals are 
. not equally affected by the detuning. The signal at 75 p p  is stronger 
than the signal at 180 p p  in the AT and Weavers-AT spectra. Hmever, the 
rwerse is true for the spectra of Liddell-AT and Ohai-AT mixtures. The 
uneven loss of intensity probably reflects significant differences in 
TlqH values for the two samples, ie as a result of the probe detuning. 
It was stated in the introduction to this section that the use of an 
internal standard should avoid the influence of probe detuning. This would 
be true if the detuning affected the signal area of the standard in a 
uniform manner. The uneven loss of AT signal area is reflected in a low 
Figure 8.15: Plot of the visibility data, derived using an internal 
standard, against the sum of susceptibilities. 
0 OS 1.0 





Figure 8.16: Plot of the visibility data, derived using an internal 
standard, against the ferra~gnetic saturation parameter. 
Figure 8.17: Evidence for probe detuning. Spectra of: a) 100% Weavers coal, 
b) 50:50 Weavers : ATmixture, c) 100% ohai d, d) 50:50 Ohai : AT 
mixture, c) 100% Liddell &, f) 50:50   id ell : AT mixture, g)  100% AT 
plot ted a t  50% of total intensity. 
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measuranent for the area "Bw (Figure 8.10) £ran the mixture spectmm. 
Therefore, F- is also snaller than and the corresponding K-value 
is large. Thus, the rnethod for the measurenent of V-values overccqensates 
for detuning when the effect is very strong. This trend can be seen in the 
Ohai and Liddell data listed in Table 8.4. 
The sensitivity of the signal area labelled "Bw to probe detuning 
provides a handle on the magnitude of the detuning. The theoretical AT 
contribution to the "Bw signal area of the mixture spectnm (Q,) is half 
the observed "Bw area of the pure AT spectrum (BAT) obtained at identical 
!spectraneter gain; ie ~ ~ ~ / 2 .  The observed AT contribution to ux was 
estimated by subtracting half of the observed "Bw area of the pure codl 
spectnrm (Bi) fran W,; ie - (~~/2). This latter estimate includes 
the assumption that the coal detuning effect on the coal spectrum is not 
significantly altered by a reduction in the quantity of d present. 
A detuning factor, DF, was defined as the ratio of the observed and 
expected AT contribution to the signal area; ie 
DF = (mx - (Bi/2) )/(Bm/2) [8.91 
Thus, a DF value of 1 would indicate that no detuning effect was evident. 
A DF value approaching 0 would suggest that extrerre detuning was observed. 
The DF values are listed in Table 8.5 and are plotted against the 
f-gnetic saturation parater in Figure 8.18. It can be seen that a 
high ferranagnetic arnponent in the coal causes substantial probe detuning. 
There appears to be a snall detuning effect observed in the spectra of all 
coals ie DF is always less than 1. This may be due to the fact that Bit 
and hence ~i/2, is a srd.1 number which would introduce error into the 
esthtion. However, it may be that all coal contains an intrinsic 
canponent that has a detrimntal influence on probe tuning. 
8.4.3 Discussion 
Two main observations have arisen £ran the study of coal visibility by 
the use of an internal standard: 
i. The NMR response of coal is significantly altered when the -1e 
contains a substantial ferrmgnetic content. The fact that the 
detuning effect does not uniformly alter the A!T signals indicates that 
the coal spectra may not be representative of the distribution of 
carbon functionalities in such samples. 
ii. The NMR response of the lignites is particularly variable. This 
6 r  IO* (emu C') 
Figure 8.18: Plot of the detuning factor against the ferrmgnetic 
saturation parameter. 
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visibility appears to be related to the locality £ran which the 
lignite was mined; ie Southland lignites exhibit a significantly lower 
NMR response than the Central Otago lignites. Therefore, there must 
be an inherent difference in the wals £ran the two areas that is 
causing the visibility trend; eg differences in the nature of the 
inorganic content. 
The remaining part of this study was directed towards improving the 
NMR response of the coals affected by these bm factors. Alexander 
et found that the ferra~gnetic particles could be removed f ran the 
mananal~us" samples with a hand magnet (ie a crude version of magnetic 
separation). Malhotra and ~raham(l9) observed that the signal assigned to 
magnetite in the fmr (ferranagnetic resonance) spectrum disappeared when 
the sample was treated with HC1. Acid-washing is also a standard method 
for raroving the paramagnetic content of coal. For ample, Honda and 
Ouchi(5) acid-urnshed the coal samples in order to study the diamgnetic 
susceptibility of the organic matter. 
Magnetic separation and acid-washing were therefore assessed as 
possible pre-treatrents for NMR studies of ad. 
8.5 Magnetic Separation 
8.5.1 Ekprimental 
The apparatus erected for separating the strongly magnetic material 
f ran the coal is sham in ~igure 8.19. The dectmnagnet of the magnetic 
susceptibility instrument was used as it provides a strong magnetic field 
strength and can be conveniently "switched-off". A glass tube (7mn 
diameter, 35an length), with a recepticle at one end, urns clamped at an 
angle such that the sample wuld flow through the centre of the magnetic 
field, 
A~roxhately lg (neasured) was placed in the reo5pticle and the 
magnet was turned on. The tube was gently tapped to muse a small but 
stay flow of sample down the tube. The non-magnetic material was 
collected at the bottan of the tube. The field was turned off and the 
magnetic portion of the coal was collected in a separate container. 




Figure 8.19: Schematic diagram of the magnetic separation apparatus. 
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Error m y  be introduced by: 
i. non-gnetic material adhering to the glass tube, 
ii. magnetic mterial being forced out of the field by the flow of 
non-gnetic material. 
Four coals that span the range of coal rank, and also achibit a 
ferrmgnetic cunponent, were chosen for magnetic separation. The 
separated fractions of samples of Mataura, Ohai , Strongmm and Liddell coal 
were weighed, the magnetic susceptibilities measured, and the WR responses 
assessed. 
The munt of magnetic material separated and the magnetic 
susceptibilities of the non-magnetic coal are given in Table 8.6. The 
technique separated a significant portion of the Liddell aoal only. The 
magnetic susceptibilities of all four coals have reduced in size, but the 
most dramatic change cccurs in the magnetic properties of the Liddell coal. 
The magnetic susceptibility of the coal is negative after separation, but 
there remains a ferramgnetic contribution. 
The effect of magnetic separation on the NMR spectra are shuwn in 
Figures 8.20 and 8.21. The spectra in Figure 8.20 indicate that magnetic 
separation does not increase the NMR response for the Mataura, Ohai and 
Strongman ooals. The signal areas were altered by less than 2%, which is 
of the same order of magnitude as the error involved in determining the 
area by the cut-and-weight method. The s-a in Figure 8.21, however, 
show that ramring 3.1% of the Liddell coal results in a significant 
increase in the NMR visibility; ie the signal area increased by 38%. 
The apparent ara~ticity of the Liddell spectrum did not alter 
significantly after magnetic separation, which indicates that the uneven 
detuning effect observed for AT is not evident in the coal spectra. 
The magnetically separated   id dell sample was mixed with AT to 
quantify the change in the NMR response. The spectra in Figure 8.22 show 
that, in oanparison with Figure 8.17, the detuning effect has reduced 
significantly but that the AT signals are not as strong as those observed 
in other coal-AT mixture spectra (d. Weavers spectra in Figure 8.17). The 
DF value has increased £ran 0.40. for the total coal, to 0.67 for the non- 
magnetic fraction. 
TABLE 8.6 : -C SEPARATION STUDY 
+ 
t 




































Fiqure 8.20: Results of magnetic separation. a) c) e) Spectra of raw 
Mataura, Ohai and Strongman coals, respectively. b) d) £ 1  Spectra of 
non-magnetic f rac t ion  of the  same three coals, respectively. 
Figure 8.21: The effect of rnagnetic separation on the spectrum of Liddell 
coal. a) Raw mal ,  b) non-magnetic fraction, 
Figure 8.22: Visibility study of the effect of magnetic separation of 
Liddell coal. a) 100% non-magnetic fraction, b) 50:50 non-magnetic 
fraction : AT, c) 100% AT plotted at 50% total intensity. 
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Magnetic separation substantially increases the NMR visibility of the 
Liddell coal, but there remains a residual detuning influence which is of 
the order obsemed for the Ohai coal. 
8.5.3 The Magnetic Fraction 
Approximately 50g of   id dell coal was magnetically separated and the 
magnetic fraction ( - 1.6g) was analysed by Moessbauer spectroscopy. 
The Moessbauer spectrum of the magnetic fraction (Figure 8.23a) 
exhibits the double set of six lines that is characteristic of 
magnetite(20). The average isaner shifts were 0.27 (SD = 0 -06 m - l  and 
0 -65 (SD = 0.04 ) m-l. Published values include isaner shifts of 0.30 and 
0.63 m-1(21) and isaner shift ranges of 0.27-0.36 and 0.61-0.67 
m-1(22), respectively. The remaining intensity is similar to the signals 
observed in the spectrum (Figure 8.23b) of the Ohai c o a l  (not separated). 
The bands can be tentatively attributed to other iron-bearing 
minerdls(20-22) including pyrite (FeS2) and iron sulphates etc, which have 
similar isoimr shifts and quadrupole splittings. The strong pyrite 
signals, often found in the Moessbauer spectra of 4 s  fran other 
countrie~(~0-~2 ) , were not observed in the spctra of the few New Zealand 
coals studied in this work. 
No attempt was made to fit the Moessbauer spectrum of the Ohai coal 
because of the low signal intensity. It should be noted that, of the 
Australasian coals studied, the 0hai coal contained the highest quantity of 
iron. The spectra obtained for other New Zealand coals exhibited very poor 
S/N  ratios. Therefore, the Moessbauer study was not extended. The Ohai 
spectrum is included for camparative purposes only. 
The origin of the large quantity of magnetite in the Liddell coal is not 
known. Huwever,  the bulk sample had been "washed" in Australia, Magnetite 
is often used, in conjunction with a magnetic stirrer, in the washing 
process(23). S c m  magnetite may have remained and been ground with the 
. . 
coal prior to this study. Magnetite should also be renroved by acid- 
washing. 
Velocity (mm/s) 
a .  m-. .  
. -  : .G . . 
- .  
Velocity ( m m/s ) 
~igure 8.23: Moessbauer spectra. a) Magnetic fraction of  idd dell d, b) 
Ohai coal. 
8.6 Acid-washing Treatment 
8.6.1 Introduction 
'Whereas univalent cations are readily rerpved under roan temperature 
conditions, the amplete rermal of dident cations is only rapidly 
achieved by boiling or using increased acid concentrationm(lO). 
Variations of the acid-washing treatment have been used for the 
rermal of both the organically bound cations and the mineral matter. The 
EPR studies of Dack et al(24 ) and Malhotra and ~raham(l~ ) included 
treatmnt of the coal samples w i t h  5M Ha, and 1M RC1 at 373K, 
respectively. Brooks and ~ternhill(25) reflwEd samples in 5M HCl, to 
remove organically bound cations prior to an IR study of the oqgen- 
containing functional groups of d. Honda and Ouchi(5) used boiling 6M 
HC1 to r-ve the pramagnetic content of d. Lefelhocz 
et & ( * G )  extracted iron present as carbonates, oxides, sulphates, etc, 
with 25% HC1 prior to a Moessbauer study of coal. Denineralisation of coal 
by treatment with HC1 and HF is a standard method for reroving the mineral 
content of coal(27). However, Wachowska et al(28) warned that this dual 
acid treatment leads to changes in the "codl polymeric structuren. The 
treatment enployed in this study (6M HC1 at m) avoids the use of boiling 
acids and therefore may not canpletely demineralise the coal. 
8-6.2 Results 
8.6.2.1 Acid-washinq and Magnetic Properties 
The magnetic susceptibilities of the acid-washed coals (X o(AW) are 
diamagnetic (Table 8.7). These Xo(AW) values do not necessarily represent 
the diamagnetic content of the coal as there m y  be a residual 
paramagnetism which is temperature dependent(5 r * ) . This remaining 
paramagnetic content has been assigned to the free radical content of the 
coal(5 ) . Huwever , the spin-munts increase with rank while the X ( AW 
values tend to decrease with increasing carbon content (Figure 8.24a). 
The susceptibilities of the high rank coals (ie X o(AW) <- 0.5 X 10'6 
emu g-1) are similar in magnitude to those obtained by Honda and ~ u c h i ( ~  ) 
for strongly leached coals. The magnetic susceptibilities of the acid- 
washed lignites are the least diamagnetic, ie Yo(AW) = -0.37 (SD = 0.08) X 
1 0 6  emu g-1. The lignite values can be further divided into an average 
susceptibility for the Southland lignites (X o(AW) = -0 -41 X 10-6 e m  g-l, 
SD = 0.05 X 10'~ arm g-l) which is m r e  di-gnetic than the average value 
for the Central Otago lignites (X = -0.28 X 10-6 enu 9-1, SD = 0.05 
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Figure 8.24: Magnetic susceptibility of acid-washed coals plotted against 
a1 carbon content and b) the iron remining in the m a l  after 
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The apparently ananalous X o(AW) value (circled in Figure 8.24a) was 
measured for the Ohai subbituminous coal. The raw Ohai coal contains the 
largest quantity of iron (9410 p p )  and a significant proportion of this 
was ranoved by the mild acid treatment. Howwer, the quantity of acid used 
may have been less than that required to reduce the magnetic susceptibility 
to the degree of diamagnetism ezrhibited by other subbituminous cwls. 
The unusual X o(AW) value of the treated Ohai coal, and the law 
diamagnetism of the lignites, might be expcted to be determined by the 
iron remining in the acid-washed coals. However, theXo(AW) values shaw 
virtually no dependence (R = 0.373) on the residual iron content 
(~igure 8.24b). 
This lack of a significant correlation suggests that the rdning 
iron content is present in a different spin state which is less 
paramagnetic; ie acid-washing r m e s  the strongly parmgnetic iron, The 
X. values of the raw coals and the change in magnetic susceptibility w i t h  
acid-washing ( A X both exhibit a dependence on the munt of iron 
renroved (Figures 8.25 and 8.26) with axrelation coefficients R = 0.835 and 
R = 0.8ll, respectively. 
The data listed in Table 8.7 shows that acid-washing ampletely 
reroves the ferrunagnetic canponent fran all of the coals, including the 
Liddell coal. The arnplete remval of the a arrrponent is consistent with 
the observation of Malhotra and ~raham(l~) that the ferra~gnetic material 
(eg magnetite) is not "deeply mtbedded in the organic coal mterialn. 
8.6.2.2 Calibration with AT 
The visibilities of the acid-washed a d s  were estimated by mixing the 
coal with AT. The results are listed in Table 8.8. The ash contents were 
not determined for these samples. The lower limit of I$ was estimated by 
assuming that none of the ash content is ranoved by acid-washing ( ie KT is 
identical to that of the raw &S). The upper limit of KT was calculated 
by assdng that acid-washing ranoves all of the ash content. The upper 
and lower limits for the V-value ere calculated £ran the two I$ values. 
(Note that the lower V-value mrresponds to the raTmral of all of the ash. 
The average of the two V-values, is plotted against the carbon content in 
Figure 8.27. There are t w o  significant differences between the visibility 
data shown in Figure 8.27 and the corresponding plot of the raw coal 
visibility data (Figure 8-14), 

3 000 6000 
Fe in wash ( ppm) 
Figure 8-26: The change in the magnetic susceptibility of the coals upan 
acid-washing plotted against the amunt  of iron renroved. 
TABte 8.8 : VISIBILITY DATA EOR A- 03- 
Idaburn 
Roxbuqh I 

















Fox River 1 0.52 
I 
ng that no ash is remv 
(b) Assuming that all ash is rem~~ed 
Fiqure 8.27: The average visibility values ( i n t e rna l  standard) for the 
acid-washed coals plotted against the carbon content. a) Southland 
lignites, b) Central Otago lignites, 
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i. The Ohai and Liddell cuals exhibit V-values that are mnsistent with 
the visibilities of other acid-washed coals of similar rank. 
ii. The visibilities of the lignites, and to a lesser extent the 
subbituminous coals, are increased by acid-washing, while those of the 
high rank 4 s  are essentially the same, 
The visibilities of the Southland lignites shaw the mst significant 
change. The average increase in the V-value with acid washing is 23 .S% 
(SD = 7.8% ) for the Southland lignites, but only 5.4% (SD = 4.7% ) for the 
Central Otago lignites. (This trend will be analysed in detail in the next 
section. ) 
The rarroval of the ferranagnetic ccmponent (U) upon acid-washing 
suggests that no significant probe detuning should be observed. The DF 
values were all less than 1 and, with the exception of the Liddell sample 
(DF(AW) = 0.8891, the small amount of detuning observed for the raw. coals 
was not significantly changed by acid-washing (average change = -0.01, SD = 
0.08). 
Acid-washing remves the ferranagnetic mterial frun coal. It is mre 
successful, in this regard, than magnetic separation. However, the d l  
detuning effect noted for the raw coals cannot be caused by ferranagnetic 
matter. 
8.6.3 Acid-washing and Lignites 
8.6.3.1 Introduction 
What is acid washing changing in the lignites that it can cause an 
increase in the W4.R visibility by up to a factor of 21 Possible answers 
were sought through three different spectroscmpic techniques. 
The ETIR spectra of a Southland (Mataura) lignite and a Central Otago 
(Roxburgh 11) lignite, and their acid-washed derivatives, are shown in 
.Figure 8.28. The main features of 'the spectra are similar to those 
observed by Brooks et a1(29 ) and Grigor and 1. 
Aliphatic C-H absorptions occur at 2950 and 2570 ar-l (stretching 
vibrations 1 and at approximately 1450 an-l ( in-plane deformations 1 . Bands 
assigned to -2- and -3 rodcing nodes appear between 900 and 700 an-l. 
Wavenumber ( cm'' ) 
Figure 8.28: FTIR spectra of the Mataura and Roxburgh (11) lignites before 
(a,c) and after (b,d) acid-washing, respectively. 
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The strong band at 1612 cm-l is assigned to ara~tic ring stretching 
mode~(3~). Aranatic C-H out-of-plane bending mdes give signals in the 900 
to 700 cm-l region; ie werlapping and forming canposite signals(31) with 
the aliphatic rocking mdes. 
The broad band between 3600 and 3330 an-l is assigned to hydroxyl 
stretching(33) and is probably dominated by water absorptions(31). The 
broad unresolved band £ran 1500 to 900 an'l includes absorptions £ran C-O 
stretching and hydroxyl in-plane deformation vibrations(29). The signal at 
1710 an-l is characteristic of carboxyl groups substituted onto either 
aranatic or aliphatic structures (25 ) . 
The minerdl region (1300 to 1000 ane1) contains bands assigned to, for 
example, the Si-O and A1-0 stretching vibrations of clays etc present in 
the ligni tes ( 30 ) . 
Acia-washing results in changes in the 'bands between 2000 and 
1000 an-l (Figure 8.29 which are oonsistent with the conversion of 
carboxylate ions to carboxylic acid groups(25r34). 
a. The band at 1710m-l, assigned to a carboxylic acid mode, increases in 
intensity. 
b. The main amretic band (1612 cm-l ) beccmes more sharply defined in the 
spectra of acid-washed coals due to the weakening of the carboxylate 
absorption near 1565 an-l. 
c. The bands between 1280 and 1150 cm-l increase in intensity due to the 
loss of carboxylate ion absorption between 1460 and 1300 cm-l, and the 
gain in the intensity of C-O stretching and 4 H  deformation vibration 
absorptions between 1280 and 1150 an-l. 
The changes in the IR spectra indicate that acid-washing removes 
organically bound ions that were present in the coal as carboxylate salts. 
ii. EpR 
The gradual alteration in the fine structure of the EPR spctrm 
caused by acid-washing can be seen in Figure 8.30. The multiplet assigned 
to Mn(I1) disappears rapidly, ie was almst canpletely remved after one 
hour of acid-washing (Figure 8.30b). No Mn ( I1 1 signals were observed in 
the spectra of acid-washed lignites. 
The Fe(II1) signal at g = 4.2 was substantially reduced in intensity 
after one hour, but a further five days of treatment failed to remove the 
Wavenumber (cm") 
Fiqure 8.29: Ekpansion of the 2000 - 1000 cm-l region of the ETIR spectra. 
Santples as for Figure 8.28. 
Figure 8.30: The effect of the length of acid-washing time on the metal ion 
signals of the q e c t r u m  of Mataura lignite. a) 0 hours, b) 1 hour, 
C) 5.5 hours, d)  120 hours. 
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signal £ran the Mataura spectrum. A small Fe(II1) signal was observed in 
the spectra of all of the acid-washed coals, up to the high volatile 
bitdnous rank. The Fe(II1) signal in the spectmm of the Roxburgh (I11 1 
sample, for ample, is reduced by approxhmtely 50% by acid-washing 
(Figure 8.31). The presence of a &l but persistent Fe(II1) signal after 
acid-washing is in contrast to the results of Dack et al(24) who observed 
that all of the signals assigned to metal ions were renmTed by acid- 
washing. 
iii. NMR Signdls 
The possibility exists that the l w  NMR visibility is confined to 
particular signals within the a d  -; ie acid-washing m y  be 
increasing the response of certain types of carbon functionality. 
The spectra of the four samples of Mataura lignite that had been acid- 
washed for varying lengths of time are shown in Figure 8.32. The fa' 
values do not vary greatly (fa' = 0.63 +/- 0.01 1, indicating that acid- 
washing does not preferentially alter the intensity of the aranatic or the 
aliphatic envelopes. A visual analysis of the spectra shows that no 
individual signal is significantly altered (ie by more than the S/N ratio) 
relative to the rest of the spectrum. 
It should be noted that it is unlikely that the conversion of 
carboxylate groups to carboxylic acids will be observed in the NMR spectra 
as the relevant signals ( - 180 ppn) are obscured by the first order high- 
frequency SSB of the a m t i c  band. The average carbon-l3 chemical shifts 
of carboxylic acid (176 pp, SD = 5 p p )  and carboxylate (178 ppn, SD = 6 
ppn) groups in m d e l  cmpounds(35 ) indicate that any alteration in the 
signal position would be very small. 
Cellulose is hydrolysed by concentrated acid (eg Klason lignin 
extraction, Chapter 5 ) .  It would therefore be expe&ed that cellulose 
fragments remining in the lignites would be destroyed by acid-washing. 
The spectmm of the Waimumu (11 lignite (Figure 8.33a) exhibits strong 
cellulose signals at 105 p p  (C-l) and 74 ppn (C-2, C-3, C-5). The second 
spectrum (Figure 8.33b) shows that wen-drying has no effect on the NMR 
visibility. The third spectrum, of acid-washed Waimumu (I), shows the 
large increase in signal area. Acid-washing slightly reduces the signal 
intensity of the cellulose signals relative to the other bands but this 
d 1  change might also be caused by sample heterogeneity. 
Figure 8.31: The effect of acid-washing on the EPEt spectrum of the 
Roxburgh (111) lignite. a) Raw lignite, b)  acid-washed lignite. 
fa' 
Figure 8.32: The effect of the length of acid-washing time on the NMR 
spectrum of Mataura l i g n i t e .  a) 0 hours, b) 1 hour, c) 5.5 hours, 
d) 120 hours. 
Figure 8.33: The effect of wen-drying and acid-washing on the cellulose 
signals ( 1 observed in the spectrzrm of Waimumu (I) lignite. 
a) Raw lignite, b) oven4ried lignite, c) acid-washed lignite, 
d)  difference spectrum (c-a). 
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8.6.3.2 Visibility and Iron Oontent 
In order to quantify the change in lignite response with acid-washing, 
the ash contents were determined for the raw and acid-washed samples that 
were used for the visibility experkts. The iron contents of these 
ashes were measured by SS. The iron contents are not identical to those 
measured by XRF and AA, presumably because the S S  measuranents were 
carried out on very &l samples ( 0.3 to 5011~3 1.
The ash and iron contents of the 4 s  before and after acid-washing, 
listed in Table 8.9, show a striking difference between the Southland 
lignites and the Central Otago lignites. The ash contents of the Southland 
lignites are reduced by an average 94% (SD = 2 % ) ,  while those of the 
Central Otago lignites are only reduced by an average 51% (SD = 6%). This 
trend is reflected in the iron contents of the t w o  lignite areas which are 
reduced by an average 97% (SD = 2% and 60% (SD = U%), respectively. 
The visibilities with respect to AT are also given in Table 8.9. m e  
ratio of the raw coal response to the acid-washed coal response is given by 
~(raw)/V(acid-washed). These ratios were law for large increases in NMR 
response. As the Southland lignites show the greatest imprwmmt in 
visibility, and the largest loss of iron, it might be expecbd that the 
ratios would decrease with increasing iron content. Hcwever, high amunts 
of iron in the raw coal are not directly responsible for low ratio values 
(Figure 8.34 1. The data plotted in Figure 8.34 indicate that the response 
characteristics of the two lignite areas vary significantly. Therefore, 
the visibility data of the t m  groups of lignites were assessed separately. 
The V-values for the untreated and acid-washed coals are plotted 
against iron content in Figure 8.35. The visibilities of the Central 
Otago samples (Figure 8.35a) exhibit a weak dep=ndence on the iron mntent 
(R = 0.507 which suggests that the iron content is only a soall factor in 
determining the M response of these coals. The equivalent plot for the 
Southland lignites (Figure 8.35b) has a kmpletely different form. The 
iron wntent appears to be a significant influence on the magnitude of the 
NMR response, ie the V-values increase sharply when the iron content is 
reduced to below 0.1% (of coal weight). 
In order to investigate the apparent correlation of NMR visibility 
with the origin of the lignites, two lignites were chosen for further 
study; the mtaura lignite £ran Southland and the Roxburgh (I) lignite fran 
Central Otago . 
TABLe 8.9 : VISIBILITY DA!lA FOR LIGNITES 
(a) Hawkdun sample not acid-washed 
(b) First rm contains data for raw coal 
( C )  Second raw contains data for acid-washed d. 

Figure 8.35: Visibilities (internal standard) of the raw (solid symbols1 
and acid-washed (open symbols) lignites plotted against the iron content of 
the dry coal. a Central Otago lignites , b) Southland lignites. 
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8.6.3.3 Study of lbm Liqnites 
Larger samples ( - log) of each lignite were acid-wished for this 
study. 
i. NMR Visibility 
The differences between the responses of the Mataura and 
Roxburgh (I) lignites can be seen in the spectra in Figure 8.36. me 
relaxation parameters were determined for the signal areas of the aliphatic 
and ara~tic envelopes (Table 8.10 1 . The only significant change is the 
increase in the ~ Q H  values of the Mataura lignite which is consistent 
with the _observations of the effect of paramgnetic ions on T1 p H. This 
trend iS not evident in the T l  Q R values of the Roxburgh lignite, 
However, the increase in the Mataura ~ Q H  values can not be solely 
responsible for the large increase in visibility. 
The visibility was calibrated with AT. Lignite (not dried) and AT 
were mixed in proportions ranging fran 10% to 90% AT, in 10% steps. An 
ex;rmple of the Fmix curves that were obtained are shown in Figure 8 -37. 
The following equation was fitted to the curves to obtain the response 
factor K: 
where Fc is the F-value for the pure cual. 
The q Q H values (Table 8.10 ) and the fa values (Figure 8.36 were 
used to calculate the loss of aliphatic and aramtic signal area and 
therefore the KC values. The average Q H value for AT (T1 Q H = 18. Shns 1 
was used for the correction. 
The values were calculated £ran the carbon antent of the lignites, 
corrected for the ash and moisture contents, and are listed in Table 8 -11 
with the V-values. The ~ Q A  correction increases the NMR visibilities to 
approximately 50% of the AT response. The large increase in the visibility 
of the Mataura lignite must be related to the almost total rmval of the 
ash and iron contents of the coal. 
6 ( P P ~ )  
Figure 8.36: The effect of acid-washing on the NMR spectra of the tw9 
lignites. a) Raw and b) acid-washed Mataura lignite, c) raw and 
d)  acid-washed Roxburgh (111) lignite. 
I TABLE 8.10 : RELAXATION alNSVNE OF SIGNAL 
(a) Standard deviations 
TABLE 8.ll 
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Figure 8 -37: Curves of the Ffix values obtained for mixtures of Mataura 
lignite and AT in various proportions. Raw lignite (open symbols), 
acid-washed lignite (solid symbols) 
ii. The Ash Content 
The fact that the ash contents of Southland d s  are substantially 
reduced by acid-washing, while those of the Central Otago lignites are only 
slightly altered, suggests that the inorganic matter in the c d s  £ran the 
two areas are very different. ~lack(36,3~) has studied the inorganic 
content of the tm groups of lignites. 
The major constituents of the clay mineral assemblages were found to 
be(36) : 
Kaolinite A12[Si205] 
Illite (K, H301 (Fe, Mg, All2 [(Si, All4 0~~l(OH12.H20 
Chlorite (Fe, Mgr [(Sir All4 010](~)8 
Smectite (Q, Na)0,33(Fer Mgr All21 (Si, A1)40101(OH)2.nf120 
and an illite-meztite interlayer mineral. 
The mineral content of the 'Central Otaqo lignites is ddnated by 
kaolinite, w i t h  small amounts of illite, srrectite and the interlayer 
mineral, The Southland lignites contain a canplex mixture of illite, 
smectite, chlorite, kaolinite and interlayer minerals, The ash of the 
Central Otago lignite is very pale in wlour (Figure 8.38b), which reflects 
the high kaolinite content (ie high Al and Si content). The ash of the 
Southland lignite has an ochre colouring (Figure 8.38a), which is 
prescrmably caused by the mre diverse mixture of mineral camponents. 
The clay minerals are not rammed by acid treatment(38 1. For example, 
the colour of the ash of the acid-washed Roxburgh lignite (Figure 8.38d) is 
similar to the ash of the untreated coal. A large proportion of the 
inorganic antent of the Central Otago lignites is probably in the form of 
clay minerals. The iron content of the untreated Central Otaqo cxzal is 
less than that of the Southland lignite, which possibly reflects the fact 
that kaolinite does not contain iron. A strong linear correlation has been 
observed(37) between the Fe and Mg content of the Central Otago lignite 
ashes. This was assigned to the Fe and Mg being substituted into similar 
crystallographic sites in the illite and snectite clays. 
Pyrite (FeS2) is not rmved by acid treatment, but studies on the 
sulphur content of New Zealand coals(27139) have shown that the pyrite 
content is very &l. Ebr example, only 5% (SD = 10% ) of the sulphur 
content ((2% of dry m a l l  of Southland and Central Otago lignites is in a 
Figure 8.38: Photograph of the high-tenperatwe ashes of the a) r a ~  and 
C )  acid-washed Mataura lignite, b) raw and d) acid-washed Roxburgh (111) 
lignite. 
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pyritic form. Therefore, the iron content of the Cent ra l  Otago lignites 
cannot be present as pyrite. 
The quantity and colour of the acid-washed Mataura lignite 
(Figure 8.38~) is very different £ran the original ash which suggests that 
the majority of the inorganic content (particularly the iron content) is 
not present in the lignites as clay minerals. The fact that there is 
little correlation between the high Fe lwels and other inorganic 
constituents, of the Southland lignite ashes(37) supports this suggestion. 
Moessbauer studies have shown that acid-washing ratmres carbonates 
(eg siderite, Fe033 1 and sulphates, such as szanolnokite (FeS04,HS) and 
rozenite (FeS04.4HS 1 (38 , 40 ) . However, the sulphur content of the Mataura 
lignite is small (Table 8.9) and would have to be ampletely in the 
sulphate form to account for the raKwdl of mst of the iron as iron 
sulphates. It has been ~hown(~8) that less than 10% of the sulphur content 
is in the sulphat6 form, 
iii. Magnetic Separation 
A magnetic separation of the Ism lignites should indicate whether the 
Mataura lignite does in fact have a low mineral content (ie assdng that 
the minerals are not held within the coal structure). Unfortunately, there 
was an insufficient supply of the Mataura and Roxburgh (I) samples to allow 
for the large quantity needed to obtain a reasonable separation. The bulk 
sample of Mataura lignite therefore came £ran a different source; that 
used for the drying experiment described in Chapter 7. 
A second ocmposite of plies £ran drill hole 2086 was used as the bulk 
sample of Roxburgh lignite (ie similar to Roxburgh (111) sample, 
Chapter 4). Both samples were crushed to <200p . The fraction of the 
coal that was found to be <53p was rmved as this size is the lower 
limit needed for adequate "flow" in the apparatus. The "-53" split was 
analysed separately and found to have the same misture, ash and iron 
contents as the bulk material. A Frantz Isodynamic Separator (~ndustrial 
Proazssing Division, DSIR) was used with the following settings; 15" 
forward slope, 20" side slope and 1.5 amps operating current. The 
misture, ash and iron contents of the fractions were determined and are 
listed in Table 8-12. 
The amount of material separated £ran the   ox burgh lignite was an 
order of magnitude greater than that separated £ran Mataura lignite, which 
TABLE 8.12 : M?GNETIC SEPARATION OF LIGNITES 
I ' 
TABLE 8.13 : ACIEWASHW vs TIME 
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confirms that there is a substantially smaller mineral content in the 
latter lignite. Both magnetic fractions have larger ash and iron contents 
than the bulk material. The high iron mntent of the Mataura magnetic 
fraction corresponds to the fact that the small quantity of mineral matter 
in the Southland lignites contains chlorite, which "when it occurs as a 
clay is usually iron-richn (37 ) . 
The spectra of the lignites and the non-magnetic fractions are shown 
in Figure 8.39. m e  relatively flat difference spectra indicate that this 
thorough magnetic separation does not increase the visibility of the 
lignites. TZle iron in the mineral matter of the Mataura lignite is not 
causing the l m  NMR response. If the crucial iron content is not in the 
m i n d  matter then it must be present predaninantly as organically bound 
cations. 
iv. Length of acid-washinq ti& 
If the increase in the visibility of the Mataura lignite is dependent 
on the ren3val of organically bound iron, then the improvement in the NME? 
response should be able to be followed as the iron is successively rammed, 
ie by varying the period of exposure to the acid. 
Apl?roximately lg samples of the standard Mataura lignite were acid- 
washed for t h s  betseen 1 minute and 5.5 hours. The iron content of the 
washes was measured by AA and the NMEl signal area W ,  corresponding to 0.3g 
of sample, was determined. The misture and ash contents, and the magnetic 
susceptibilities, were also nreasured for several samples. The data are 
listed in Table 8.13. The iron content was initially reduced very rapidly 
by acid-washing, but the rate of Fe loss decreases with longer washing 
periods (Figure 8.40a). The magnetic susceptibility becanes paramagnetic 
after 30 minutes of soaking (Figure 8.40b). None of the acid-washed 
m l e s  exhibited a ferranagnetic ccrmponent. 
The increase in signal area exhibits a good correlation (R = 0.952) 
.with the amunt.of ironreroved fran the samples (Figure'8.411, despite the 
fact that the W figures are uncorrM for variation in moisture and ash 
contents. 
Figure 8.39: Results of a magnetic separation of the minerals £ran the 
lignites. NMR spectra of the Mataura lignite before (b) and after (c) 
separation and the difference spectrum (a = c-b). Wivalent spectra of 
the Roxburgh (111) lignite before (e) and after (f) separation and the 
difference spectrum (d = £*l. 
Figure 8.40: The effect of acid-washing time on a) the iron oontent of the 
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Figure 8.41: Plot of the uncorrected signal area of the Mataura lignite 
spectrum against the amount of iron raved as a percent of the total 
sample. 
v. Replacarrent of the Iron 
The EPR spectra of the untreated, the acid-kmshed and the iron- 
exchanged lignite samples are s h m  in Figure 8.42. The iron exchanges 
back into the same oo-ordination site that produces the Fe(II1) signal 
(g = 4.2 in the spectra of both lignites. In the case of the Roxburgh 
sample, there are mre of these iron-substituted sites than in the 
untreated lignite. 
The m jor difference between the spectra of the Roxburgh (I) and the 
Mataura iron-exchanged samples is the presence of a large signal at g = 2 
in the latter spectrum. Dack eta1(24) also observed this new, broad 
signal and assigned the signal to organically bound iron "involved in 
polynuclear hydroxy- or carboxylato-bridged formsn. 
The analyses and NMR data for the iron-exchanged samples are listed in 
Table 8.13. The iron exchanged Mataura sample contains twice the m t  of 
iron that was present in the original lignite. Presumably acid-washing 
r m e s  other organically bound cations (eg Na+, etc) which results in 
a greater quantity of acidic proton sites available for re-exchange with 
iron. The iron-exchanged Roxburgh sample contains slightly more iron than 
is found in the untreated lignite. 
The spectra of the original and treated samples are shown in 
Figures 8.43 (a to f ) . . m e  reduction in the signal area of the spectrum of 
the iron-exchanged Mataura lignite is far greater than that observed for 
the corresponding Roxburgh sample. The signal areas, W (corrected for the 
moisture and ash contents) are listed in Table 8.14. It is significant 
that the signal area of the Roxburgh S- is reduced slightly after 
iron-exchange. This decrease suggests that sane of the iron is exchanging 
into the organic matrix, in co-ordination sites that were not significantly 
occupied by iron in the original lignite, and are thus affecting the NMR 
response. 
Figure 8.42: The effect of iron-exchange on the EPR spectra of the m 
lignites. a) Raw, b) acid-washed and c) iron-exchanged Mataura lignite. 
d )  Raw, e) acid-washed and f ) iron-exchanged Roxburgh (I11 1 lignite. 

~igure  8.43: The effect of iron-exchange on the NMR spectra of the two 
lignites . ( a-c ) Mataura lignite, ( d-f Roxburgh ( 111 ) . Spectra order as 
for Figure 8.42. 

TABU3 8.14 : IRON E X H A K X  SrUDY 
(a) (Fe) = iron exchanged sample 
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The difference in NMR visibility between the Central Otago and the 
Southland lignites can be explained by the presence of iron in different 
phases in the coal. TZle Cent ra l  Otago lignites contain substantially 
higher quantities of clay minerals than are present in the Southland 
lignites. Iron is substituted into the co-ordination sites of specific 
types of mineral (illite, snectite) and, as mst of the iron in the Central 
Otago lignites is inaccessible to acid, it appears that a significant 
proportion of this iron is in the mineral phase, 
The clay minerals (particularly chlorite) of the Southland lignites 
are also high in iron. However, this forms only a minor proportion of the 
iron content of these lignites as more than 90% of the iron is r-ved by 
acid-trealnent. The results of the experiments described in this section 
suggest that it is the large content of organically bound iron that hinders 
the NMR response of the Southland lignites. The observed reduction in the 
response of the iron-exchanged Roxburgh lignite also provides evidence for 
the detrimntal role of organically bound iron in determining the NMR 
visibility. Probe detuning and the selective loss of signals due to 
unfavourable relaxation, have been eliminated as causes of the intensity 
reduction. 
The NMR visibility of coal is low relative to certain d e l  mqmunds. 
However, the NMR response of pure organic ampounds is also variable(l8). 
Thus, the visibility problem is not confined to coal. ~ e w m a n ( ~ ~ r ~ ~ )  has 
studied the MlEl "visibility" of m y  organic cunpounds, He has attributed 
the variable response to the magnitude of the proton spin-spin relaxation 
time, T=( 42 3 . The T a  values measured for organic solids are generally in 
the range 10-20~s (18t41), which is of the same order of mgnitude as the 
90" preparation pulse employed in C P W  m. ~ewmn(l*) estimated 
T ~ H  values of 13p and 1 8 ~ s  for protons in aliphatic and a m t i c  
structures, respectively, of a Roxburgh lignite. These d u e s  are similar 
to those msured by Gerstein et al(41). The low M visibilities of coals 
can therefore be explained by the occurence of significant spin-spin 
relaxation during the 90°-pulse. The fact that lower rank coals contain a 
romponent with a longer T ~ H  value ( - 100pS) (41 ) may explain the trend for 
higher visibilities in these -1s in carrparison with the response of 
higher rank coals, 
123 
The low response of coal has been partially correlated with the 
magnetic content. In particular, the amount of carbon in low rank coals 
that is "seen" by NMR can be increased by pretreatment of the sample w i t h  
acid. This improvment in visibility was assigned to the rarrwal of 
organically bound iron. This iron must shorten the T m  values in a 
parallel. manner to the iron effect on T l  Q H values. The remaining 
invisibility is caused by the inherent T m  values of the heterogeneous 
structure of d. 
Despite the fact that not all of the carbon is ?WEl visible, the 
signals that are observed appear to be representative of the range of 
carbon functionalities found in asd. This result reflects the fact that 
the T m  values for proton functionalities are similar(l8r41)= Therefore, 
the way is clear for the quantitative interpretation of the PM3 spectra of 
coals. 
8. 
1. E. W. Hagaman and M. C. Woody, Proc. Int. Conf. Codl Sci., 807 (1981) 
2. D. L. Vanderhart and H. L. Retcofsky, Fuel 55, 202 (1976). 
3. D. E. Warmer, A. Pines and D. D. Whitehurst, 
Phil. Trans. R. Soc. Lnnd. A300, 15 (1981). 
4. M. A. ~ilson, P. J. Collin, R. J. Pugmire and D. M. Grant, -- Fuel 61, 
959 (1982). 
5. H. Honda and K. Ouchi, -- Fuel 36, 159 (1957). 
6. T. P. Abeles and W. B. Bos, J. Chem. Ell. - 44, 438 (1967). 
7. L. N. MulayandI. L. Mulay, Anal. Chem. 52, 199 (1980). 
8. C. C. A l d e r ,  A. N. Thorpe and F. E. Senftle, Fuel 59, 857 (1979). 
9. "CRC Handbook of Chdstry and physicsn, 63rd Edt., R. C. Weast Ed., 
CRC Press Inc., Florida (1983). 
11. I. S. Jacobs, L. M. Levinson and H. R. Hart, J. -1. Phys. - 49, 1775 
(1978). 
12. W. A. Wooster and N. Wooster, Proc. Conf. Ultr. Struct. Coals Cokes, 
322 (1944). 
13. S. E. Male, J. Phys. D. - 13, L67 (1980). 
14. F. E. Senftle, A. N. Thorpe, C. C. Alexander and R. B. Finklewm, 
Fuel * 61 81 (1982). 
15. H. Honda, J. Fuel Soc. Jap. - 32, 486 (1953). 
16. K. E'reudenberg and A. C. Neish, nConstitution and Biosynthesis of 
Lignin", Molecular Biol, Biochen. Biophys. - 2, Springer-Verlag, NY 
(1968). 
17. J, F. Haw, G. E. Maciel and H. A, Schroeder, Anal. Chen. - 56, 1323 
(1984). 
18. R. H. Newman, unpublished results. 
19. V. M. Malhotra and W. R. M. Graham, -- Fuel 64, 579 (1985). 
20. D. C. Melchior, T. R. wild- and D. L. ~illiamson, Fuel '61, 516 
(1982 1. 
21, B. Keisch, G. A. Gibbon and S. Akhtar, Fuel Proc. Tech. 1, 269 (1977). 
22. S. P. Taneja and C. H. W. Jones, Fuel 63, 695 (1984). 
23. P. G. Gunn, State Coal, personal cammication. 
24. S. W. Dack, M. D. Hobday, T. D. Smith and J. R. Pilbrw, -- Fuel 64, 222 
(1985). 
~ 25. J. D. Brooks and S. Sternhill, Aust. J. Appl. Sci. - 8, 206 (1957). 
26. J. F. Lefelhocz, R. A. Friedel and T. P. Kohmn, 
Geochim. Co911xhi.m. Acta - 31, 2261 (1967). 
27. V. R, Gray, NZERDC Report - 97, (1983). 
28. H. Wachawska, W. Pawlak and A. Andrzejak, -- Fuel 62, 85 (1983). 
29. J. D. Brooks, R. A. Durie and S. Sternhill, Aust. J. -1. Sci. - 9, 63 
(1958 1. 
1 30. B. A. Grigor and R. F. H-, Proc. Coal Res. Conf. (NZ), (1985). 
l 
31. D. W. Kuehn, R. W. Snyder, A. Davis and P. C. Painter, Fuel 61, 682 
l -- (1982 
32. P. C. Painter, M. Starsinic, E. Squires and A. A. Davis, -- Fuel 62, 742 
1 (1983 1. 
33. B. Riesser, M. Starsinic, E. Squires, A. Davis and P. C. painter, 
Fuel 63, 1253 (1984). 
-- 
34. M. Starsinic, Y. Otake, P. L. Walker and P. C. Painter, Fuel 63, 1002 
(1984 1. 
35. S. J. Davenport, Report CD2365, C m .  Div., DSIR, NZ (1985) 
(Appendix 8.5). 
36. P. M. Black, NZERDC Report - 51, (1980). 
37. P. M. Black, Aust. Coal -1. 1,'131 (19821, 
38. P. A, Montana, ACS Div. Fuel Chm. - 24, 218 (1979). 
39. C. F. Budge and F. J. MacKnight, NZ J. Sci. 19, 237 (1976). 
40. J. C. Guilianelli and D. C. Williamsan, Fuel 61, 1267 (1982). 
41. B. G. Gerstein, C. Chow, R. G. Pembleton and R. C. Wilson, 
J. *S. Chem. - 81, 565 (1977). 
42. R. H. N m I  suhnitted to J. Mag. Res. (1985). 
TKF, SPINNIX SIDE BAND PROBLEM 
Introduction 
"For amorphous materials W do not major gains, if any, in 
fractional resolution at a higher static fieldn(l). This statment was 
published in 1981 when it was considered that the "present4ayn carbon-13 
spectra obtained at 15.1 MHz (1.4 T spectr-ters) exhibited the "highest 
possible resolutionn(l). The notion that the use of superconducting NMR 
technology "chokedn(2) the spectra with SSBs hindered the application of 
high field NMR to canplex materials. The "obvious solutionn was to perform 
the experiment at lower operating frequencies, that is, if the laboratory 
had the "luxury of operating their magnets at l w  f ieldn(3), It was soon 
realised that the increased sensitivity and resolution (chemical shift 
dispersion) achievable with the high fields provided great potential for 
studying the structure of materials such as "soils, lignins and coalsn (3 1. 
Attention was focused on the developnent of methods for reducing or 
eliminating the contribution of SSBs to the spectrum. 
9.2 Correction for SS- 
9.2 .l The Qualitative Methods 
The earliest techniques for SSB reduction utilised the fact that the 
position of the SS- in the spectnrm depended on the spinning rate(3 r 4  1. 
These methods are useful for qualitative studies only because the SSB 
intensity is discarded(4). 
The synchronisation of data acquisition with sample rotation was 
proposed by Maricq and waugh(S). Barron and ~ilson(6) introduced the block 
multiplication (BM) of spectra obtained at different spinning frequencies. 
BM was dmnstrated in the NMR study of a brown coal xylite and a silt 
loam. The reduction in SSB intensity enabled the u n e q u i d  assignnrant of 
the centreband signals, ie "signals which cannot arise fran spinning side 
bandsN(* 1. BM appears to have been useful in that particular application 
but Dixon et al(3) found that it did not significantly reduce the SSBs in 
the spectrum of a lignin, 
Both BM and the synchronisation mthod require a section of the 
spectrum to be free of centrebands so that the shifts in the SSB positions 
can be nwmitored. The spectra of Australasian a d s  do not generally 
contain such nwindowsn (3 ) . 
Dixon et developed t w o  pulse sequences that result in sideband 
suppression but also retain the quantitative information contained in the 
spectrum. The Phase-Alternated Spining Sideband (PASS) sequence employs a 
series of 180° re-focusing pulses which produce echo spectra (Figure 9.1). 
The t h  i n t d s  between the TT-pulses determine the phase of the echo 
spectra. The appropriate linear ccmbination of the echo spectra results in 
the cancellation of SSB signals and the generation of the PASS isotropic 
spectrum. D h n  et al(3) dmnstrated that PASS successfully added the SSB 
intensity to the centrebands of a lignin spectrum. PASS was used to r-ve 
first order SSBs fran the spectra of vitrinite concentrates but was found 
to be "not uniformly successfulu(7). A modified version of PASS has been 
shown to produce an SSB-f ree spectrum of a bituminous d ( 1 0  1. 
The min problem associated with the use of PASS are the l w  
resultant s/N ratio and the need for operator intervention in the phase 
adjustments(8 1. Dixon et al(2) developed a simplified version of the 
pulse-train termed TOSS (Tbta.1 Suppression of Sidebands 1 . mSS eliminates 
the need for the addition of several spectra by aligning theTFpulses with 
the spinning rate. The delays between H-pulses are specifically chosen to 
cause the autamtic cancellation of SSB signals. 
WS-generated spectra of mdel mnpunds usually exhibit small 
residual SSB signal~(~r~r9) . Diwn et canpared the TOSS spectra and 
standard 50 MHz spectra of an "ara~tic coaln obtained with spinning 
frequencies between 1.5 and 3 .0 kHz. Sane "minor lineshape distortionsu 
were attributed to residual SSBs. TDSS was observed to be mst successful 
for the highest spinning rate although 20% of the arcmti-bon intensity 
was nmissing" £ran the TOSS isotropic peak. 
The TOSS sequence is included in the Varian XL200 software. The 
=S-generated spectra of three New Zealand coals of varying rank are shown 
below the corresponding spectra in Figures 9.2 to 9.4. The TOSS 
spectrum of the Fox River sdanthracite is relatively free of SS= 
although an out+£-phase ccmponent persists. The s u m s  of TOSS is 
reduced as the rank of the coal decreases. The phasing difficulties that 
are evident in the TOSS spectra were also observed by Painter et al.(' ) in 
PASS~enerated spectra. 




A V A 
Figure 9.1: Dixon pulse sequence for the suppression of SSB signals. 
Figure 9.2: The standard CP/MAS (a) and TOSS (b) spectra of Ohai 
subbituminous coal. Both spectra were acquired under identical 
spectraneter m n d i t i o n s  (W = 20000) and are plotted on the same v e r t i c a l  
s d e .  
Figure 9.3: The standard CP/MAS (a) and TOSS (b) spectra of Webb (I) hvA 
bituminous coal (KC = 5000). 
Figure 9.4 : The standard CPm (a) and TOSS (b) spectra of Fox River 
sanianthracite (NT = 5000) 
The "Dixon pulse-sequences" are quantitively accurate when the T2 
values are large in canparison with the time delay for the four refocusing 
pulses. The delay is approximately equal to the period of t w o  rotor 
revolutions(2) ; ie 0.8 ms for a 2.5 kHz spinning frequency. It is also 
assure3 that the T2 values are uniform for all carbons(4 1. 
The T2 values were measured for the armatic and aliphatic bands of 
the Webb spectrum. It is necessary to know the TIC value of the signals, 
rather than the %value, as cross-polarisation is not used in the 
determination of TzC. The experimental delay must be three to five times 
the magnitude of TIC. T ~ c  was determined by the inversion-recovery 
method(ll). The TIC-values for the aliphatic and -tic bands were found 
to be 0.9 ms (SD = 0,'l) and 2.7 ms (SD = 0,6), respectively. The 
observation that the spin-lattice relaxation of the aliphatic carbon is 
faster than that of the armtic carbon is consistent with the results of 
Sullivan and ~aciel(ll). 
The T2c values were measured using the Carr-Purcell-Meibx~3ill T2 
sequence (CPMZT2) and were estimated to be 1.7 m s  (SD = 0.2) and 0.6 ms (SD 
= 0.3 for the aliphatic and armtic bands respectively? The T2 values 
are of the same order of magnitude as the time scale of the TOSS experiment 
and are not uniform throughout the coal spectrum. Therefore, the TOSS 
pulse sequence cannot be used for quantitative NMR of coals. 
The computer program CROMASS (Canputer Recognition of Magic Angle 
Spinning Sidebands) was originally designed to replace the identification 
of SSB signals "by visual canparison of spectra run at different spinner 
frequencies"(12), The program assigns the centrebands to be the signals 
that are "persistentn through all of the spectra. The first-order SSBs are 
located by their change in magnitude, as well as position, when the 
spinning frequency is altered, The SSB intensity is transferred to the 
centreband by a series of iterations. The QWMASS-generated spectrum of a 
procyanidin polymer (ie a tannin) showed no obvious residual SSBs(12). 
The program has been translated £ran BASIC into PASCAL ccmputer 
language (Appendix 7 .l) in order to test CROMASS on the spectra of coals. 
Spectra were obtained at four different spinning rates for each of the 
a . . . . . . . . . . . . . . . . . . . .  
* T2C should be less than T . These values are given as estimtes of the 
order of mgnitude of thelgelaxaticn constants only due to the l m ~  S/N 
ratio observed. The SD values are for the fit to the data and do not 
reflect the errors in the curve obtained. 
Ohai, Webb and Fox River coals (Figures 9.5 to 9.7). The spectra e r e  
digitised into 200 signal heights between -100 p p  and +300 p p ;  ie a 
resolution of 2 ppn. iterations were used as further iterations 
resulted in only minor changes in relative signal areas. 
The three CROMASS-generated spectra are shown in Figure 9.8. CEUMASS 
does reduce the SSBs but they are not canpletely r d  frart the d 
spectra. The incorporation of a search for second and higher-order SSBs 
may inprove CKM?SS although the overlap of SSBs and centrebands in the 
spectra of lower rank coals would probably be too canplex for CRCMASS to 
function adequately. 
9.2.4 Prediction by the Method of Herzfeld and Berger 
The discussion in Section 3.2.2 outlined the influence of the carbon 
environmnt on the c h d c a l  shift tensor and, therefore, on the 
distribution of intensity in SSB signals. The procedures developed by 
Herzfeld and Berger (HB) were originally designed for the extraction of 
shielding anisotropies £ran the SSB intensities(l3). -er, the logic of 
the HB method can be used in reverse. The magnitudes of the SSB 
intensities can be calculated f ran the three principal values ( 611, 8 22 , 
633 ) of the chemical shift tensor and the HB contour plots. 
An estimate of the principal values of the ara~tic envelop can be 
obtained £ran the spectrum of Fox River semianthracite which exhibits a 
clearly-resolved SSB pattern (Figure 9.7). The ratios of the SSB to 
centreband intensities (I f JIo) were measured £ran a spectrcan obtained 
with a spinning rate of 2.36 kHz. The ratios are plotted on the HB contour 
maps of theoretical intensity ratios (Figure 9.9 1, The values of p and 
are measured f ran the intersection of the mntours . The p and P parameters 
are functions of the principal values ( 011, 4 22 , 6 33 of the chemical 
shielding tensor: 
p P ( ~ ~ I - u x ~ ) / v  [9.11 
p = (61 -633-2 d22)/ (41- 0 3 1  ) [9.21 
where V is the spinning frequency (in ppm) . The 6 -values are aonverted to 
the principal values of the chemical shift tensor using the chemical shift 
of the centreband 8 , ie 
6, = 8 + OX, 19-31 
Figure 9.5: Standard CP/MAS spectra of Ohai oodl obtained at four spinning 
frequencies. a) 2.0 kHz, b) 2.35 kHz, c) 2.8 kHz, d) 3.0 kHz. 
Figure 9.6: Standard CP/MAS spectra of Webb (I) coal obtained at four 
spinning frequencies. a) 1.95 kHz, b) 2.2 kHz, c) 2.5 kHz, d) 2.8 kHz. 
Fiqure 9.7: Standard CP/MAS spectra of Fox River coal obtained at four 
spinning frequencies. a) 2.1 kHz, b) 2.5 kHz, c) 2.7 kHz, d) 2.85 kHz 
Fiqure 9.8: Results of the application of the program CROMASS to the 
spectra of a) Ohai, b) Webb (I) and c) Fox River coals. 
Figure 9.9: Emple of the contour-map method of Herzfeld and Berger using 
the SSB i n t ens i ty  ratios of the a rana t i c  band i n  the spectrum of Fbx River 
semianthraci te . 
The principal values of the chdcal shift tensor of the aranatic 
envelope were found to be: 
all = 254 p~n, 622 = 98 m, bg3 28 m(14). . . 
I 
The expcted SSB distribution at 2.5 kHz MAS frequency is calculated ' 
£ran these tensor values: 
1-3 1-2 1-1 f, =+l 4 2  =+3 
% Intensity 1 5 29 36 17 9 2 
- 
The Fox River tensor values are not "truen tensor values as a range of 
structures, with differing chdcal shift tensors, contribute to the 
-tic envelope. The Fbx River c h d d  shift tensor will not be 
l 
appropriate for the prediction of SSB intensity in the spectra of law rank 
coals as the types of aranatic carbon present in a danthracite are not 
- identical to those present in a lignite or subbitminous coal. 
The SSB intensities for individual signals in the coal spectrum can be 
estimated £ran the chenical shift tensors of model cunpounds that contain 
the relevant carbon functionality. For ample, the SSB intensity 
distribution of the "diphenoln signal at 144 ppn should be similar to that 
exhibited by the signal assigned to the phenolic carbons of Dopa 
(Figure 9.10 1 . Six spectra of Dopa were obtained at spinning rates b e h e n  
2.0 and 2.8 kHz . Tne p and p values were estimated f ran the signal area 
ratios of the centreband and SSBs in each spectrum. The average principal 
values were calculated to be: 
= 231 (SD = 2) ppn, 622 = 132 (SD = 51 p, 633 = 70 (SD= 3 ) ~ .  
The expxted SSB intensity distribution at a spinning rate of 2.5 kHz 
will be: 
1-3 I-2 I-l 4 1  4 2  G 3  
% Intensity 0 3 19 58 15 4 1 
- 
The HB method was also applied to the phenol signal (156 p ~ m )  in three 
Tyrosine spectra run at spinning rates between 2.1 and 2.6 kHz 
(Figure 9 .l1 1. The average principal values were: 
811 = 263 (SD = 5) PPn, 622 = 148 (SD = 5 )  p, bg3 = 58 (m = 4) ppn 
which result in an SSB intensity distribution of: 
Fiqure 9.10: Spectnnn of Dopa showing the "diphenoln signal at 144 p p  and 
associated SSB signals ( * 1. 
~igure 9.11: Spectnnn of Tyrosine s w i n g  the phenol signal at 156 ppn and 
associated SSB signals ( 1. 
1-3 1-2 1-1 I0 =+l G 2  h 3  
% Intensity 1 6 19 46 22 5 1 
Despite the fact that both signals are assigned to hydroxy-substituted 
aranatic carbon, the principal values of the chemical shift tensor are 
different. It should be pssible to predict, and therefore mrqensate for, 
the SSB intensity distribution based on the signal assigrrments of the coal 
S-. 
9.3 DOFIC 
The use of d e l  anpound, chemical shift anisotropy data to calculate 
the SSB intensity patterns obsemed in coal was introduced on a small scale 
by Burgar(l5). The program DOFIC (Determination of F'unctionalities in 
Coal) is based on the same principles but includes a far greater kiety of 
carbon functionalities and results in the full simulation of the NMR 
spectrum. The background and developoent of DOFIC is described at length 
in a Chemistry Division report(16) (Appendix 8.5) and will not be repeated 
in this text. 
The model umpound database used by DOE'IC was based on the large 
aunt of published chemical shift tensor data(17,18). This data was 
suppleaented by the chemical shift tensor data of the tyrosine campounds 
and a substantial number of lignin m d l  canpounds(l9). There are, 
however, many types of carbon functionality that may be present in the coal 
but are not represented in the nudel canpound database. The scope of DOFIC 
could be expanded by a ccmprehensive chemical shift tensor survey of nudel 
ca"P-- 
The essence of the DOFIC method for spectrum simulation is s h m  in 
Figure 9.12. The appropriate SSB intensity patterns are selected £ran the 
database and fitted to the d spectrum. The carrplete DOFIC shulations 
of the spectra of the Fbx River, Webb, Ohai and Mataura d s  are s h m  in 
Figure 9.13 to 9.16. 'Ihe intensity distributions observed in the mal 
spectra are adequately simulated £ran the SSB patterns in the present 
database. The difference spectnm should reflect the s/N ratio of the 
experimental spectrum. Minor deviations £ran this ideal occur when the 
BRAZIERS 
I I I I I l I I I I 
300 260 220 180 140 100 60 20 -20 -60 -100 
Shift ( ppm from TMS) 
Figure 9.12: Diagram showing the method of spectnnn simulation used in 
DOFIC. Experimental spectrum of Braziers subbituminous axd shown as a 
dashed line. contributing SSB intensity patterns for the m i n  armtic 
(128 p p )  and ali-tic (30 p p )  bands shown as solid lines. 
FOX RIVER 
Shift ( pprn from TMS 1 
Figure 9.13: Simulation using DOFIC of the spectrum of Fox River s d -  
anthracite. Ekperimental (dashed line ) , simulated (solid line) and 
difference (dotted line) shown. 
WEBB 
Figure 9.14: Simulation using DOFIC of the spectrum of Webb (I) coal. Lines 
as for Figure 9.13. 
O H A  l 
Shift ( ppm from TMS) 
Figure 9.15: Simulation using DOFIC of the spectrum of Ohai subbitdnous 
coal. Lines as for Figure 9.13. 
MATAURA 
Shift ( p p m  f r o m  T M S )  
Figure 9.16: Simulation using OOFIC of the qectnm of Mataura lignite. 
~ i n e s  as for Figure 9.13. 
observed linwidths differ £ran the representative line-widths (see 
Appendix 8.5). 
In 1983 it was stated that the use of the HB method for the 
canpensation of SSB signals was "not yet practical for materials as q l e x  
as coals"(7). The success of DOFIC indicates that the autaMtic analysis 
of intensity distributed into SS=, based on d e l  canpound data, is a 
viable technique for wercaning the "otherwise troublesane spinning 
S idebandsn (l5 ) . 
DOE'IC was designed for carbon-13 NMR at 50.3 MAz and a MAS frequency 
- 
of 2.5 +/- 0.1 kHz, but this is not a limiting factor. The SSB intensity 
patterns of the model ampounds can be rtdculated for other cunbinations 
of operating frequencies using the HB method. 
The deconvolution of the spectrm perfornred by DOFIC results in a 
quantitative functional group analysis of the d. An example of the 
typical DOFIC output is shown in Figure 16 of Appendix 8.5, DOE'IC was 
l 
applied to the spectra of 57 New Zealand coals and 10 Australian Coals. 
The results will be discussed in the next chapter. 
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10.0 -SATION OF AUSTRALASIAN COALS 
10.1 Introduction 
It has been established that, although not all of the carbon is 
visible to m, the signals that are observed in the NMR spectrum appear to 
be representative of the range of carbon functionalities present in the 
coal. Therefore, the signal area will provide the quantitative information 
necessary to characterise the Australasian &S, 
10.2 Apparent AraMticity 
The advent of solid state NMR allawed the direct measuranent of the 
aranaticity of d. The aranaticity, fa, is the most basic signal area 
measuranent and has becane the "xmst oamrron type of information prwided by 
1 3 ~  m m  ="(l), 
The aranaticity of coal is theoretically defined as the fraction of 
the total carbon that is contained in arunatic rings. However, the NMEX 
aranaticity does not necessarily represent this ratio. There are several 
errors that are inherent in the measurenent of fa by integration of the 
signals. For this reason, the parameter measured by dividing the spectrum 
at 65ppn is called the "apparent aramticity", fa1 (2r3). 
10.2.1 Errors in fa' measu~anents 
The systmatic errors in the fa1 determination have been discussed 
and will only be sumarised here. 
The labelling of the signal area > 6 5 p  as being n a ~ t i c n  is an 
over-simplification as the signals of other sp2-hybridised carbon are also 
found in this chemical shift range. The presence of olefinic and carbonyl 
resonances is ignored which will result in erroneously high fa' values for 
coals that contain significant m u n t s  of these carbon types. Several 
workers (3 t 4 )  have corrected the fa' values for the carbonyl contribution 
by excluding signal. intensity at chdcal shifts > 165ppn. This correction 
cannot be applied to the fa1 values of these Australasian a d s  because of 
the overlap of a large SSB with the chemical shift region of the carbony1 
resonances . 
The boundary was specifically placed at 65ppn in order to include the 
first+rder, low-frequency SSB in the "amnaticn fraction. However, the 
signals of omen substituted sp3-hybridised carbon are located in the 
chemical shift region between 65ppn and 105ppn. Therefore, the fa' values 
of coals containing aliphatic ethers and alcohols will also be 
overesthmted. The choice of a boundary at a higher frequency value wwld 
result in a larger error because of the incorporation of the SSB signal in 
the "diphatic" fraction. The second and third order low-frequency SSB 
signals of the aramtic bands are unavoidably included in the "aliphaticn 
fraction. This problem is also evident in published aranaticity 
t=swtions ( 2 r 3 , 540 
The chdcal shift tensor determined for the amtic band of the Fox 
River spectrum (Section 9.2.4 can be used to predict the error in fav . It 
was estimated that 9% and 2% of the ara~tic carbon intensity is contained 
in the second- and third-order low-frequency SSB, respectively. Thus, 11% 
of the a m t i c  signal intensity is included in the "aliphaticn fraction. 
This figure could be used to correct' the fa' values. Haever, this assumes 
that the chemical shift tensor values of the sdanthracite are the same as 
those of a lignite which is not necessarily true. 
Miknis et a1(3) attanpted to mrrect the faq values for the 
contributions of SSB intensity to the aliphatic fraction. They also 
renormdlised the signal area to exclude the carboxylic resonances. The 
corrected aramtic and aliphatic carbon percentages were found to be 
nessentially equivalent" to the uncorrected values; ie the errors in each 
fraction were balanced. 
10.2.2 fa' and Relaxation Behaviour 
The lignite relaxation behaviour, studied in Chapter 8, can also be 
used to assess the influence of relaxation on the fa' values because the 
change in aranatic and aliphatic signal areas was masured. 
The fa' values are plotted against the delay time and the contact time 
in Figure 10.1. The fav values decrease as the recycle delay is increased 
(Figure 10.la) which reflects the faster spin-lattice relaxation rate of 
the aranatic protons. The fa' values of the Roxburgh lignite achibit a 
greater decrwe than the values of the Mataura lignite. This trend is the 
result of the different magnitudes of the aliphatic proton relawtion 
rates. The ratios of the aliphatic to aranatic % values are 2.6 and 1.6 
for the Roxburgh and Mataura lignites, respectively. Therefore, the fa' 
P2 (ms) 
Figure 10 .l: Dependence of the apparent aranaticity values on the a) delay 
time, b)  contact  time. Fa' values are for Mataura (solid symbols) and 
Roxburgh (111) (open symbols) liqnites. 
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values of the Mataura lignite are closer to the "truen fa1 values at 
shorter D1 values. The fa1 values stabilise at 0 -54 (+ - 0 -03 and 0 -62 (+ 
0 -02 for the Roxburgh and Mataura lignites, respectively. (The errors 
involved in these fa1 detenninations are greater than those of the standard 
far values due to the msurewnt of very small signal areas.) 
Wilson et al(ll) reported fa1 values that were independent of recycle t i m e s  
greater than 0 -3s. 
The fa' values increase with increasing contact t i m e  (Figure 10 .lb). 
The initial steep rise reflects the fact that, for both lignites, the 
cross-polarisation rate of the aliphatic carbon is three times faster than 
that of the a m t i c  protons. This trend has been observed by several 
worker~(3.6,~l.~2). The rate of increase slow as the ~ Q B  effects 
influence the fan values. The overall increase in fa1 values at contact 
times greater than l.0rrts reflects the slightly faster decay of the 
aliphatic intensity. The plateau in fa1 , noted by other mrkers(url2) was 
not observed. The very low total signal intensity observed at long oontact 
times produces the oonsiderable munt of scatter in the corresponding fa1 
values. 
I 10 -2.3 fa1 and Coalif ication 
Van Krwelen described dification as "a process in which the degree 
of condensation and ara~ticity of the starting material increase 
mntinuouslyn(13). The changes in the fa1 values of thirty-ne coals, that 
span the range of rank found in New Zealand have been discussed in 
detail(1). That particular suite of coals has now been expanded to include 
57 New Zealand and 10 Australian coals. The plot of the reneasured fa1 
values ( Table 10 .l 1 against the carbon content (Figure 10.2 shows the 
large amount of scatter that was previously obsmed by N e m w  et al(l! 
particularly at low carbon contents. 
A correlation between the fixed carbon content and the armtic carbon 
content has been noted by several groups(lr3r14). The a m t i c  carbon 
content is defined as; 
%-tic C = fa1 X %C(daf) [l0 .l] 
The oorreslpnding plot for the Australasian coals is shown in Figure 10.3. 
The significance of this correlation (R = 0.97) has been the subject of 
sane di~cussion(l~-~7). The trend is said to indicate that the non- 
volatile fraction of the coal is almost entirely ara~tic and also, that 
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(a) Estimate only. 
%C ' % F C  faQ 
(daf) (daf)(+/-0.02) 
68.0 42.8 0.62 
68.2 45.6 0.63 
69.9 38.1 0.52 
67.1a 39.4 0.58 
67.la 38.6a 0.54 
68.6 46.0 0.63 
66.7 42.8a 0.66 
68.4 44.0 0.65 
68.9 44.2a 0.64 
68.8 44.9a 0.61 
69.4 44.9a 0.62 
72.6 50.9 0.66 
70.7 49.7 0.67 
72.2 54.7 0.69 
72.8 52.3 0.61 
69.3 47.0a 0.64 
72.4 53.2 0.66 
- 49.4 0.62 
73.7 54.6 0.66 
- 56.2 0.71 
- 53.9 0.68 
75.6a 54.0 0.66 
74.ga 54.6 0.70 
73.8 49.6a 0.60 
- 49.4 0.64 
75.1 55.4 0.66 
74.0 52.5a 0.63 
73.Ta 54.2 0.64 
76.1a 55.3 0.67 
75.2 61.4 0.69 
74.4a 55.5 0.66 
79.5 57.0 0.69 
- 55.5 0.67 
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Figure 10.2: Plot of fa1 values against carbon content. Data for lignites 
( 1 , subbituminous ( ) , hvB ,C bituminous ( r ) , hvA bitdnous ( A 1 , 
medium volatile bituminous and higher (+)  ranks. Open symbols represent 
data for Australian samples. 

the volatile fraction is predauinantly aliphatic. The positive value of 
the intercept suggests that approximately 7% of the coal is in .the form of 
volatile ara~tic mterial which is consistent with the loss of snall 
armtic products upon strong heating(15). However, ~olanon(l~) noted that 
this conclusion could be fortuitous. He suggested that aranatic carbon is 
trapped in the thick bed used in the rrreasurement of volatile matter. Thus, 
the correlation is the result of the mthod of determination rather than 
the structure of the coal. 
The masurement of faw provides a rough estimate of the degree of 
coalif ication. Howwer, the discussion of trends in, and influences on, 
fa' will not be extended further in this section as the analysis of the 
coal spectrum by DOFIC will provide an estimate of the aramticity which is 
not subject to mst of the systematic errors inherent in fa' determination. 
10.3 Area Increments 
The signal area of the cmil spectra can be divided into area 
increnaents for quantitative study. Such a method was employed by Newman 
and Davenport(1*) to investigate correlations between certain c h d c a l  
shift regions of lignite spectra and the yields of products £ran fluidised- 
bed polysis. A PASCAL program (Appendix 7.2) was written to autaMte 
this procedure and to produce wyield-correlation spectran(l*) . 
The approach has proved useful for providing an indication of the 
quantitative properties of coals but suffers fran, for example, the problan 
of SSB overlap with centrebands which may disguise the presence of strong 
correlations. The wider application of the correlation program will not be 
discussed as, once again, the DOFIC procedure is free of such problems and 
should provide mre reliable quantitative results. 
10.4 Characterisation of Coals by the DOFIC Procedure 
The results of the DOFIC analysis of the spectra of the Australasian 
coals are tabulated in Appendix 6. The coals are assigned to four 
approxhmte groups during the DOFIC procedure. These groups, or "ranksn, 





High volatile bituninous B,C 
and scme A 
High volatile bituminous A to 
semianthracite . 
These DOFIC "ranksn will be used in the discussion of data generated 
by the program, 
10.4.1 The Aranaticity fa 
The arcanaticity value calculated by DOFIC is the most accurate 
estimate of the "truen aranaticity that can be provided by solid state 
NMR. Hence there is no "'" attached to the abbreviation, One systematic 
error remins in the estimation of fa. The contribution of signals of 
olefinic carbon to fa cannot be estimated, These signals are hidden 
beneath the main armtic band and their SSB intensity distribution is very 
similar to the SSB pattern of amtic carbon (19 ) . It is assurd that the 
contribution of olefinic intensity to the aranatic envelope is snall, in 
order ' to assess the aranaticity of the carbon. 
The fa-values are plotted against the carbon content in Figure 10 -4. 
This plot is drawn on the same scale as the corresponding fa' diagram 
(Figure 10.2). !&m points are wident when the graphs are canpared; 
i. The scatter in the fa values is very similar to that observed in the 
fa ' -values. 
ii. The range of £,-Values (0.46 to 0.94) is considerably larger than that 
observed for the £,'-values (0.52 to 0.83). 
The differences in the range of values can be analysed further, The 
fa-values of the l w  rank coals tend to be lower than the £,'-values, while 
the reverse is true for the higher rank d s .  This trend is sumnarised in 
Table 10.2 and arises from the systemtic errors in fat. The l w  rank 
coals contain large amounts of carboxylic carbon and oxygen-substituted 
aliphatic carbon. The signal intensity of both of these carbon types is 
included in fa' but is excluded £ran fa. The discrepancy between the 
aranaticity values of the high rank &S is caused by the exclusion of the 
intensity of the second and third order low-frequency SSBs from the fa'- 
value but incorporation of this intensity in the 
~igure 10.4: Plot  of the corrected aramticity derived using the DOFIC 
method of analysis, Symbols represent the four "DOFIC ranks", "low" ( 1, 
%edium-lm" ( 1, "medium-high ( A 1 ,  "high" ( + 1. Open symbols represent 
Australian samples. 
(a) Nos. = N m b e r  of coals for which data averaged 


















































The wider range of ara~ticity values obtained using DOFIC can also be 
seen in Figure 10.5, in canparison with Figure 10.3. The range of ara~tic 
carbon contents has increased, particularly at higher ranks. It is 
interesting to note that the intercept of the best-fit line is now negative 
(-9.5%) and can be taken to indicate that sane aliphatic carbon is included 
in the fixed carbon content. 
Studies have shown that the ara~ticity values, of low rank d s  in
particular, are sensitive to the depositional conditions (7 ~20). The 
maceral contents of coals often reflect the original environment of the 
coal. For ample, the high exinite contents of the Central Otago lignites 
are the result of degradation in a freshwater envirormrent(22,23) . 
Petrographic data were taken £ran Professor Black's studies of New Zealand 
coals(24 1. Representative maceral data for the Australian coals were 
obtained £ran the same sources as the analytical data(25~26). In general, 
AuStralian coals tend to have low exinite contents. 'Zhe New Z e a l a n d  4 s  
with high exinite contents include Roxburgh (lig ) , Mokau (sub) and United 
( hvAb 1. The effect of the exinite ( liptinite) content on the aranaticity 
values is shown in Figure 10 -6. It is evident that coals containing high 
quantities of exinite exhibit lower fa-values than the average observed for 
coals of the same carbon content. This trend is consistent with the 
generally low armticity of the exinite macerals(13 t27~28 1.
It must be anphasised that the petrographic data are for samples fran 
the same localities and not for the actual samples studied by NMR. A 
perfect correlation cannot be expected. Fbr example, the maceral analysis 
reported for Tangorin coal(25) suggests that the exinite content of this 
Australian coal is not unusual (8%). Hmever, the spectrum obtained for 
the Tangorin sample exhibits a very intense aliphatic envelope for a coal 
of high volatile A bitdnous rank (fa = 0.67). 
The ara~ticities for several of the high rank Australian d s  are 
high in amparison with the fa-values of New Zealand coals with equivalent 
carbon contents (Figure 10.4 ) . The mceral analyses of coals f ran the same 
area~(~5) indicate that the inertinite contents of these samples may be 
very high (up to 6 5 % ! ) .  These high inertinite contents have been 
attributed to the nature of the mal  forming flora(29). Permian flora were 
susceptible to "dessication and oxidation" during the peat-forming process 
because of inherently low contents of protective resins and waxes. S d -  
fusinite, which has characteristics intermediate between vitrinite and 
Figure 10.5: P l o t  of  % armtic carbon derived fran the fa values against 
the fixed carbon content .  Symbols as f o r  Figure 10.4. 

f~sinite(~~r~~), is the dcaninant inertinite maceral in the Permian 
Australian coal~(~5). studies have shown that high aramticities are 
exhibited by vitrinite and inertinite macerals in general(27,28), and by 
fusinite(l5) in particular. Therefore, it is not surprising to observe 
relatively high aranaticities in coals with high inertinite antents 
(Figure 10.6 . An "ananalously high fa valuew has also been observed for 
an inertinite rich 1 w  rank coal(31). None of the New Zealand codls 
studied were reported to have inertinite contents greater than 9%(24). 
The aramticities of separated macerals have been shown to correlate 
with the atanic H/C ratio(31) . This correlation would also be cspxted to 
hold for coals as aranatic system contain less hydrogen than aliphatic 
structures(l). Sweral workers have observed sane degree of correlation 
between the ara~ticity and the H/C ratio(lr4r6,8,16*32). The plot for the 
Australasian coals is shown in Figure 10 -7. The shape of the graph 
suggests an explanation for the fact that a " m t h  correlationw(8) 
through to cansiderable scatter (l ) have been observed prwiously . 
For high rank coals (fa >0.75) a correlation (R = 0.960 is obsemd 
between the ara~ticity and the H/C ratio. This trend is similar to the 
smooth correlation of Maciel et al(8) and suggests that both parameters 
vary uniformly at high lwds of malification. However, for coals of 
l lower armaticity, the fa-values show no correlation with the H/C ratio. 
Sweral factors could contribute to the scatter. 
i. LW rank coals contain large anrounts of carbon functionalities, other 
than armatic structures, that have lower H/C ratios than aliphatic 
structures. High quantitites of aliphatic alcohols and ethers, and 
carboxylic groups would lawer both the H/C ratio - and the aranaticity, 
ii. The degree of oxygen-substitution of the aranatic rings is very high 
in lower rank coals. This fact would result in law H/C ratios but would 
not affect the aranaticity of the d. The fa-vdlues would not be 
expected to correlate with the oxygen contents as it is only the oxygen 
bonded to the a m t i c  rings that would affect the aranaticity. The fa 
-values show a slight correlation with oqgen content (Figure 10.8) but no 
better a relationship than that exhibited with the carbon content. In 
other words, the oxygen contents of these and other(l6) coals are only 
reflecting the degree of dification not the ara~tic structure. 
The t m  points suggest that the aranaticities and H/C ratios are 
highly influenced by the structures that contribute to the low rank coals. 
H/C (atomic) 
Figure 10.7: P lo t  of fa against  the atanic H/C ratio. Line is the bes t  f i t  
for data with fa > = 0.75. Symbols as for ~igure 10.4.  
Figure 10.8: P lo t  of fa against the oxygen content. Symbols a s  for Fig-ze 
10.4. 
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Thus, d s  of similar origin, and therefore with similar contributing 
structures, would exhibit H/c ratios and fa-values that were determined by 
the effects of dification only. 'Ihe ara~ticities of a 
nsedimentolqically hamgeneous seriesn of samples increased 
progressively with the H/C ratio but wen these values exhibited 
considerable scatter. The trends in fa-values indicate that the 
aranaticity is not a simple function of nrankn but is determined by a 
cariplex canbination of source and dification factors. 
10.4.2 The Carbon Functiondlities 
The results of the DOFIC analysis of the spectrum includes a list of 
the intensities of each signal and therefore, the armunt of carbon present 
in each type of functionality. The qualitative changes in the coal spectra 
that have been observed with increasing rank can m be studied on a 
quantitative basis. 
! 10.4.2.1 The Signals of Non-armtic Carbon 
The intensity of the min aliphatic signal can be seen to decrease in 
the spectra of the coals of increasing rank shown in Chapter 5. This 
decrease is also observed when the quantitative measurement of the 
intensity in the plymethylene signal is plotted against the carbon content 
(Figure 10.9 1. The scatter observed in the values for law rank d s  has a 
similar origin to the diversity shown in the £,-values. Greater than 20% 
of the carbon content of Roxburgh lignites is present in plymethylene 
chains. Similarly, the figure of 16% measured for the Mokau sample is 
significantly higher than the values observed for other subbituminous 
coals. 
The two Australian brown coals contain the lowest amounts ((7%) of 
polymthylene carbon measured for all of the lignites and all, but one, of 
the subbituminous coals. 'Ihis observation is consistent with the results 
of a study of signal height ratios in low rank d spectra(21). 
Representative maceral data(26) for the Morwell and Lay Yang samples show 
that the liptinite contents are not unusually luw, at 6.4% and 7.4%, 
respectively. The low plymethylene carbon contents could be explained if 
the liptinite content of the brawn d s  was derived mainly £ran cyclic or 
branched aliphatic structures, Australian brown d s  are known to contain 
large munts af "resin drops and amber fragmentsn (7). The NMR spectra of 
Figure 10.9: P l o t  of the i n t e n s i t y  contained i n  the polymethylene signal 
against  carbon content. N-rs i n  brackets represent the chemical s h i f t  
of the  s ignal .  Symbols as for Figure 10.4.  
bruwn codl resin(33) and resinite £ran lignite (Chapter 5 )  contain a broad 
range of aliphatic signals, 
Variations in the aliphatic signals observed for different exinite 
macerals are documented, Canparison of alginite and sporinite spectra(l5) 
indicates that the type of exinite maceral present may be mre imprtant 
than the overall quantity of this mceral group. It would therefore be 
expzted that, for codls with a carman exinite source, the polymethylene 
signal would decrease uniformly with rank. Dereppe et ) observed a 
"gradual decreasen in this resonance relative to the other aliphatic 
signals in their spectra of a series of samples ranging £ran lignites to 
bitLnninous rank. 
The intensities of the "othern aliphatic carbon signals, at chemical 
shifts <50ppn, are shown in Figure 10.10. This sum includes the intensity 
for all aliphatic carbon in branched or terminating structures. The 
decrease at higher ranks occurs in parallel with the trend in the 
polymethylene signdl and reflects the overall loss of aliphatic structures 
with increasing axlification. 
The initial increase in this value could be due to several processes. 
The polymethylene chains may be splitting to produce mre branched 
structures. Haever, the munt of carbon in the plymethylene chains does 
not alter significantly between the lignite and subbituminous ranks. The 
values for the Central Otago lignites are the exception to this 
. generalisation but the low values observed in Figure 10.10 are not confined 
to these lignites. The average sum of intensities for the Central Otago 
and Southland lignites are 15.1% (SD = 3.2%) and 14.9% (SD = 1.0% 1, 
respectively. Therefore, it is only the amount of carbon in the 
plymethylene chains that distinguishes the aliphatic wntent of the 
Central Otago lignites fran the Southland lignites. 
The remaining processes that might cause the initial increase observed 
in Figure 10.10 involve the oxygen-substituted aliphatic carbon. 
Deoxygenation of these aliphatic functionalities may result in the 
formation of structures that wuld contribute to the resonances in 
question. Alternatively, the qlete loss of cellulose material £ran the 
coal would result in the concentration of the mre resistant aliphatic 
structures, such as resins, which contribute intensity to these "othern 
aliphatic resonances. 

The signal intensities plotted in Figure 10.U quantify the changes 
1 observed in Chapter 5 for the signals of oxygen-substituted carbon at 
I 56ppn, 74 p p  and 177 pp. A large munt of scatter is wident in these 
I signal. intensities. This scatter is reflected in the total cellulose 
l content cdlculated by DOFIC for the low rank ads. The total content of 
l cellulose-like structures in the lignites varied between 4% and 16% which 
is a wide range for coals of apparently similar rank. This variation can 
I be attributed to localised differences in the depositional environment. 
1 For example, differences in the cellulose and lignin content of brown mal 
I woods has been assigned to variations in "edaphic aonditionsn(20); ie are a 
l 
function of acidity and oxidising conditions of the peat swamp. 
The clear distinction between the intensity data for the lignites and 
subbituminous coals is consistent with the trends observed in signal 
heights at 56ppn and 74ppn(19). The data for the Australian brown coals 
are interrnediate between those measured for the .two ranks 'of New Zedland 
coals - a characteristic that was predicted by the study of signal height 
ratios (21) . 
The amount of intensity observed in the signal assigned to carboxylic 
acids and salts gradually decreases with increasing rank. This trend 
indicates that the carbonyl functionalities are mre resistant to 
coalification processes than the mthoxyl and cellulose groups. The DOFIC 
results for the spectrum of the Kauri Peat (63.1 %C daf) support this 
pattern of relative stability. The amunts of intensity in the signals at 
56 ppn and 74 p p  were 7.2% and 6.6%, respectively, which are considerably 
larger than the respective lignite values. (The total cellulose content of 
the peat was 21.1%.) The intensity in the signal at 177 ppn was 3.8% which 
is similar in magnitude to the carboxylic acid and salt content of 
lignites. Dereppe et a1(4) also observed that the signals assigned to 
aliphatic carbons linked to oxygen decreased rapidly in the peat stage 
while intensity assigned to carbonyl groups was found in coals containing 
up b 80% C 
Figure 10.11: Plot of intensities contained in the signals assigned to 
non-armtic, oxygen-substituted carbon. a) Cellulose signal, b) methoxyl 
signal, c) signal of carboxylic acids and salts. 
10.4.2.2 The Signals of Aramtic Carbon 
I The signals assigned to ara~tic carbon can be divided into three 
l types - carbon bonded to hydrogen, to alkyl groups or other -tic rings 
I 
l and to oxygen, 
The total intensity masured in the signals of ara~tic C-H is shown 
1 in Figure 10.12. An overall increase in the aranatic C-H antent was 
observed with increasing rank which is consistent with the overall increase 
in aranaticity. Hcmver., the scatter in this data is very large. The fact 
I that the low rank d s  contain the lawest quantity of ara~tic C-H groups 
I reflects the high degree of oxygen-substitution of the amtic rings. 
l It might be w e d  that, at very high ranks, the mnount of aranatic 
l 
carbon bonded to hydrogen would decrease as the size of the polycyclic 
aranatic structures increased. Any decrease is msked by the scatter in 
the data. However, the data for the Fox River and Yarrabee d- 
anthracites are low (48.6% and 52.6%, respectively) in amparison with the 
data for other high rank coals. ?he formation of extensive polycyclic 
aranatic structures must occur at ranks higher than Semianthracite. 
The amounts of aranatic carbon bonded to either alkyl groups or 
adjacent aranatic rings are sham in Figure 10.13. The values for the 
lower coal ranks indicate that very little of the armtic rings are 
substituted by aliphatic or aranatic carbon. The intensity data rise, in a 
non-linear mumer, with increasing carbon content; ie the rate of 
structural condensation is greater at higher d ranks. 
A similar pattern enrerged in the quantities of aranatic carbon that 
are substituted by oxygen functionalities (Figure 10.14). The intensity 
data for the lignite and subbituminous coals are very similar, The rate of 
loss of these oxygenated functionalities increases greatly at higher ranks. 
The relative amounts of the different a m t i c  carbon functionalities 
are smnarised in Figure 10.15 as a function of the total ara~tic carbon, 
The major change in the carbon content of lower rank cuals occurs in the 
non-aranatic fraction of the ad; ie the loss of carbon in cellulose, 
methoxyl and carboxylic functionalities. However, at higher coal ranks the 
loss of aliphatic carbon occurs in parallel with a dramatic change in the 
canposition of the ara~tic carbon, 
Figure 10.12: Plot of intensity contained in signals of hydrogen 
substituted armtic carbon. 
Figure 10.13: Plot of intensity contained in signals of aranatic carbon 
substituted by an alkyl group or another aranatic ring. 
Figure 10.14: P l o t  of i n t e n s i t y  contained i n  s igna ls  of oxygen subs t i tu ted  
armtic carbon. 
Figure 10.15: Surm~l ry  of the proportions of armtic carbon relative to the 
total fraction of a m t i c  carbon (fa). 
The carbon types are not the only form of functionality that can be 
investigated by NMR. The signal intensities also prwide infomtion about 
the range of hydrogen and oxygen functionalities present in the d. 
10.4.3 The Hydroqen Functionalities 
The amunt of hydrogen in the ad can be estbted £ran the carbon 
distribution(l9). Hydrogen is associated with three min functionalities 
in the coal. The major fraction of the hydrogen is contained in aliphatic 
structures (Figure 10.16a). Significant amunts of hydrogen are also found 
in the -tic structuz:es (Figure 10.16b), and bonded to oxygen in phenols 
(Figure 10.16~). The remaining hydrogen ( "othern 1 is associated with 
aliphatic ethers and alcohols, and carboxylic acids (Table 10.3). 
There is considerable scatter in the quantities of aliphatic hydrogen. 
This variation can be attributed to the influence of the source material 
(eg as reflected by the dnite content) on the proportion of aliphatic 
material in the d. 
The increase in the munt of hydrogen bonded to a m t i c  carbon 
reflects the overall increase in this carbon functionality (Figure 10.12). 
H-, the rise is very steady in ccmparison with the scatter observed in 
the corresponding data for aranatic carbon. 
The arnount of hydrogen present in phenols decreases with rank 
reflecting the overall loss of oxygenated aranatic functionalities. The 
l w  values for the lignites can be attributed to the presence of methoxyl 
substituted armtic carbon. (This will be discussed in the next section.) 
The proportions of the different types of hydrogen functionality are 
plotted cumulatively in Figure 10.17. 
The hydrogen functionalities can be described by the ratio of a m t i c  
to aliphatic hydrogen, HAr/HA1 (Figure 10.18). The ratios reflect the 
rapid decrease in the aliphatic hydrogen content at high ranks. The 
scatter can be attributed to the source influences in parallel to the 
variation in fa results. Coals with high exFnite contents exhibit low 
hydrogen ratios while the reverse is true for 4 s  with high inertinite 
contents. 
The distribution of hydrogen in vitrinite concentrates has been 
studied by FTIR techniques(34,35). The intensities of certain bands, 
Figure 10.16: Quantities of hydrogen functiodities in the coals estimated 
frm the distribution of carbon functionalities. a) Hydrogen bonded to 
diphatic carbon (not oxygen-substituted , b 1 hydrogen bonded to a m t i c  
carbon and c) hydrogen bonded to oxygen in phenol groups. 
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 HA^ H ~ r  Rph nT 
3.8 2.0 0.6 7.4 
3.7 2.0 0.6 7.5 
4.9 1.7 0.5 8.1 
4.7 2.1 0.6 8.1 
4.3 1.7 0.4 7.7 
3.5 2.2 0.7 7.5 
2.3 2.3 0.7 6.6 
2.7 1.9 0.6 6.9 
2.6 2.1 0.6 6.6 
3.0 2.2 0.7 7.1 
3.2 1.8 0.6 6.9 
3.5 2.5 0.9 7.2 
3.1 2.6 1.1 7.2 
2.7 2.7 1.0 6.8 
4.0 2.6 0.9 7.6 
3.3 2.2 0.9 6.9 
3.2 2.4 0.8 6.8 
3.7 2.5 1.0 7.5 
3.3 2.5 0.8 6.9 
2.6 2.7 1.0 6.6 
3.5 2.9 0.8 7.3 
3.8 2.5 0.7 7.1 
2.6 2.5 0.8 6.5 
5.0 2.7 0.8 8.5 
3.3 2.6 0.9 7.2 
3.2 2.6 0.8 7.0 
3.7 2.7 0.7 7.5 
3.3 2.8 0.9 7.2 
3.3 2.8 0.8 7.2 
3.0 2.9 0.9 7.0 
3.5 3.1 0.8 7.4 
3.1 3.3 0.7 7.1 
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3.9 3.1 0.7 7.7 
3.8 3.0 0.6 7.5 
3.5 3.4 0.6 7.5 
3.8 3.0 0.8 
3.2 3.2 0.7 7.1 
3.8 3.1 0.6 7.4 
3.6 3.3 0.7 7.6 
3.8 3.3 0.6 7.7 
4.3 3.5 0 .5 8.3 
3.4 3.3 0.6 7.3 
3.5 3.8 0.4 7.7 
3.3 4.0 0.4 7.7 
3.2 3.8 0.4 7.4 
3.1 3.2 0.5 6.8 
3.0 3.8 0.4 7.2 
2.6 3.4 0.4 6.4 
2.8 3.9 0.4 7.1 
2.8 3.9 0.4 7.1 
2.7 4.1 0.2 7.1 
2.5 3.9 0.3 6.7 
2.5 4.2 0.4 7.1 
2.9 3.3 0.4 6.6 
2.6 4.5 0.2 7.3 
1.0 3.8 0.0 4.8 
2.4 2.6 0.9 6.6 
2.6 2.7 1.0 6.5 
2.7 3.1 0.5 6.3 
2.5 3.7 0.5 6.7 
3.3 3.4 0.6 7.3 
4.5 2.8 0.4 7.7 
2.1 2.9 0.2 5.2 
2.0 3.8 0.4 6.2 
2.3 3.8 0.7 6.8 
1.2 4.0 0.0 5.2 
7- 
Fiqure 10.17: S u m r y  of the proportions of hydrogen functiondlities 
relative to the total hydrogen content estimated £ran the NMR results. 

assigned to aliphatic C 4 ,  aranatic C-H and hydroxyl des, were calibrated 
using the hydrogen content fran elemental analysis. The FTIR aliphatic 
hydrogen includes hydrogen bonded to carbon in aliphatic ether and alcohol 
groups. This hydrogen is included in the "othern NbR hydrogen. Similarly, 
the hydrogen of aliphatic alcohols is included in the FTIR hydroxyl 
hydrogen but in the "othern NMR hydrogen. The phenol hydrogen calculated 
fran NMR results is therefore not directly caparable to the FTIR 
parameter. 
The trends in hydrogen functionalities obtained fran FTIR and NMR 
were, in general, similar; ie the aliphatic and phencl hydrogen proportions 
decrease at high carbon contents while the aranatic hydrogen content 
increak at higher ranks. Howwer, the FMR results indicate that a much 
larger proportion of the hydrogen is associated with ara~tic rings than is 
obtained fran FTJR results or f ran proton NMR of coal extracts (36 ) . The 
aliphatic hydrogen contents measured from ETIR(35) ranged fran 2% to 4% 
which are consistent with the M estimates (Figure 10.16a). The contents 
of hydroxyl hydrogen were less than 0.5% for vitrinites of greater than 82% 
carbon content. However, the ETIR derived quantity of aranatic hydrogen 
reached a maximum of 2.5% which is considerably less than the corresponding 
NMR maximum of approximately 4% for equident carbon contents. 
The opportunity to directly canpare the hydrogen functionalities 
estdted by ETIR and NMR is prwided in the literature. PSMC vitrinite 
concentrates have been characterised by both mthods(35r37 ) . The NMR data 
include the ara~ticity and the fraction of non-protonated aramtic carbon, 
Rnp. The a m t i c  hydrogen contents were calculated directly fran the NMR 
data; ie 
H- = (In21 X %C X fa (l-RnP) [10.21 
The aliphatic hydrogen contents were estimated by assuming an aliphatic H/C 
ratio of 2(19) ; ie 
Hfi = (2/12) X % C X (l-fa) [10.31 
The renaining hydrogen mntent was contained in hydroxyl and 
carboxylic functionalities and could not be estbted fran the reported 
data. 
A "good correlationn has been claimed(37) between the aranatic 
hydrogen contents derived £ran the NMR and FlTFt results for nineteen 
vitrinite samples. Hmwer, the two datasets did not exhibit a 1:l 
correspondence. In fact the H m  values estimated f ran the WR data were, 
on average, 1.0% (SD = 0.2% ) higher than the corresponding FTIR values. 
Similarly, the NMR derived Hfi values were, on average, 0.6% (SD = 0 -4% ) 
higher than the ITEt values. The overall difference between the M and 
FTIR values of the sum (Hw + HMI was 1.6% (SD = 0.4%). This value is 
similar to the discrepancy observed between the hydrogen contents of New 
Zealand 4 s  as esthted by Ultimate and DOFIC analyses(19). 
It is not surprising that the FTIR values for total hydrogen content 
were similar to those fran Ultimate analysis as the latter was used to 
calibrate the former. The ratio HAr/Ha should therefore provide a better 
canparison of the NMR and ETIR data. The HAr/HAl values calculated fran 
the M data of the vitrinites range between 0.34 and 1.24. These values 
are higher than the FTIR derived ratios by an average 0.22 (SD = 0.10). 
Thus, the MEl results indicate that the FTIR nrethds are underestimating 
the aranatic C-H content of coal samples. W correlation observed between 
the ETIR data and proton NMR nreasurements of owl extract~(3~) suggests 
that the extraction techniques did not rancJve all of the aranatic mterial 
fran the coal. 
Further evidence for the discrepancy between NMR and FTIR data was 
recently provided by studies of a selection of New Zealand ds(38) . An 
HAr/HA1 value of 2.4 was obtained by ETlR for the Fbx River d- 
anthracite. NMR analysis resulted in a considerably higher value of 3.8 
for a sample £ran the same source. The FTIEl ratio of 0.34 (+ - 0.08 ) for a 
Sullivan West bituminous coal is lower than the average value of 1.54 
(+ - 0.02) obtained for two samples of Sullivan North m a l .  The observation 
that the ETIR spectra of lignites contain no detectable -tic bands 
(ie HAr/HM < 0 .l) is in contrast to the P;IMR derived H-& ratios for 
eleven lignites which lie between 0.29 and 0.66. 
-- 
The viability of the methodologies used to obtain the FTIR data has 
been a subject of considerable debate(17~35,38), particularly the use of 
model canpund extinction coefficients. If the suggestion that "the best 
approach will be to closely canpare E;TIR and 1% spectra of identical 
coal sanplesn(38) is follawed, then some of the controversy may be 
resolved. 
10.4.4 The m e n  ~unctionalities 
The oxygen functionalities present in the coal can be estimated £ran 
the quantities of carbon directly bonded to oxygen(l9). The oxygen 
f unctiondlity data were divided into four types ; phenolic ( ph 1 , carboxylic 
(M , methoxyl ( m 3  1 and cellulosic ( cell ) oxygen. TZle changes in the 
four values with increasing carbon content are shown in Figure 10.19. The 
trends in the non-phenolic functionalities (Figures 10.19a-c) generally 
mirror the behaviour observed for the corresponding carbon functionalities 
(Figure 10.U). Significant amounts of these oxygen types are only 
observed in the low rank coals. Small amunts of carboxylic oxygen may be 
present in higher rank aals(4) but this quantity is difficult to 
evaluate(l9 ) . 
The phenolic oxygen present shows a steady decrease at higher ranks 
(Figure 10.19d), a trend also observed by Snyder et al(39). The low rank 
coals contain law quantities of this oxygen type which is consistent with 
the trends observed in the arrr>unt of aranatic carbon bonded to oxygen. 
This decrease in values for l w  rank coals is, however, accentuated by the 
fact that the oxygen present in aryl-mthoxyl groups has been separated 
£ran the oxygen contained in phenols. 
The possible explanations for this initial increase in phenolic oxygen 
content are essentially the same as those discussed in Chapter 5 to -lain 
the increase in the signal at 154ppn. The loss of easily degraded 
structures, such as cellulose fragmats, between the lignite and 
subbituminous ranks would result in an overall concentration of the mre 
resistant phenol structures. At the same time, the decanposition of 
methoxyl groups (and other ether linkages) would produce either isolated 
phenolic structures (dmthoxylation) or "diphenol" structures 
( denethanation ( 40 ) . 
-- 
Abdel Baset et al(41) studied the phenol content, of cwls with 
greater than 74% carbon, by chemical methods. The relationship that they 
observed behem the phenol and carbon contents is plotted for canparison 
in Figure 10.19d. The line falls well below the values obtained fran 
analysis of the spectra. The wet chemical methods may be 
underestimating the phenol content of coals. Alternatively, coals fran 
America may contain lower quantities of phenol functionalities than the 
Australasian coals. 
~igure 10.19: Quantities of oxygen functionalities in the coals estimated 
f ran the distribution of oxygenated-carbon functionalities. a) wen 
present as carboxylic acids and salts, b) oxygen in cellulose or 
cellulose-like structures, c) oxygen in methoxyl groups, d) phenolic 
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ph C=O - 0 ~ ~ 3  OT
10.2 7.5 1.7 23.7 
9.1 6.7 2.3 23.7 
7.9 9.1 2.0 22.4 
9.8 8.4 1.9 22.1 
6.2 9.3 2.3 23.8 
10.3 5.3 2.4 22.1 
11.3 5.7 2.7 24.1 
9.0 8.9 2.9 28.8 
9.2 11.9 2.5 27.9 
10.4 5.8 3.3 23.4 
9.5 9.4 2.7 26.8 
12.5 3.6 0.7 18.2 
17.0 0.0 0.7 19.2 
15.5 5.3 0.4 22.6 
14.7 7.0 0.0 21.7 
14.3 7.0 0.5 24.0 
12.7 8.2 0.5 22.8 
15.6 3.1 0.7 20.6 
11.9 7.9 0.7 21.5 
16.4 7.3 0 .5 25.0 
13.5 6.2 0.1 19.8 
12.0 8.5 0.0 20.5 
13.8 4.3 0.7 21.3 
12.4 2.8 0.0 15.2 
15.7 4.3 0.4 21.9 
13.3 5.8 0.4 20.5 
11.3 5.5 0.5 18.5 
14.0 4.0 0.6 18.6 
13.5 3.8 0.4 18.3 
15.0 1.4 0.4 17.2 
15.1 6.7 1.0 25.2 
16.8 7.2 0.7 24.7 
l 
Yoshida et al(42,43) have ambined B/MW NMR and chanical mthods to I estimate the oxygen functionalities present in an Australian brown coal. 
The relative amounts of oxygen functionalities are plotted on a 
cumulative scale in Figure 10.20. The total oxygen contents estimated fran 
the W results show a good correlation with carbon contents (R = -0.957). 
The values are also in good agreerent with the oxygen oontents measured by 
Ultimate analysis (19 1. 
The distribution of oxygen in aliphatic (5.6%) and carboxylic (8.1%) 
The rapid loss of non-phenolic oxygen functionalities is wident at 
l w  carbon contents. A similar trend is wident in a diagram published in 
a recent review on the nature of coking coals(46). The methods used for 
determining the published data were not stated. The min difference 
between the published diagram and Figure 10.20 is the incorporation of 
carbonyl oxygen functionalities in the fofiner. The NMR results indicated 
that insignificant quantities of carbonyl carbon, other than that in 
carboxylic groups, were present; ie the intensity in the appropriate 
chdcal shift region (190-220 p p )  can be entirely accounted for by SSB 
signals(l9). 
I 
The cumulative representation of the data against the carbon content 
does not adequately reflect the individual trends in oxygen 
functionalities. The data are replotted in Figure 10.21 as relative 
fractions of the total oxygen content. This diagram provides a clear 
functionalities is similar to that estimated in this study. H o w w e r ,  the 
phenol content measured by the acetylation method (10.2%) is significantly 
lower than the average of 16% (SD = 1% estimated fran the W R  spectra of 
t w o  Australian brown coals. 
Brooks and ~ternhill(44) also studied the oxygen in nreactivew groups 
in brown coals. Their results for a Morwell sample included an estimate of 
9.0% phenolic oxygen, It is interesting that the sum of this value and the 
"unreactive" oxyyen (6.4%) is similar to the phenol content (15.1%) derived 
fran the NMR intensities. The unreactive oxygen is usually assigned to 
ether~(~4~~5). However, the chdcal methods would underesthte the 
phenol content if sane phenol groups were inaccessible to the reagents. 
Chgnical analyses of the oxygen functionalities present in the samples used 
in this study muld provide an interesting test of the DOFIC mthod of 
analysis. 
Figure 10.20: S u m m y  of the proportions of oxygen functionalities relative 
to the total oxygen content estimated from the NMR results. 
O/o 0 (DOFIC) 
Figure 10.21: Oxygen functionality data replotted to show the re la t ive  
changes i n  the types of funct ional i t i tes  present as c o a l i f i d o n  
proceeds. 
' representation of the pattern of oxygen functionality loss. low rank coals 
1 contain the largest variety of oxygen groups. The range of functionalities 
decreases rapidly with increasing coalification, as measured by the total 
oxygen content. The phenol groups increasingly daninate the oxygen content 
until, at high ranks, all of the oxygen is present in phenol 
functionalities. Solid state NMR results indicate that essentially m 
oxygenated carbon functionalities, and therefore no oxygen functionalities, 
rernain in the danthracite rank of coal. 
10.4.5 Canbinations of Siqnal Intensities 
Various canbinations of signal intensities were tested for suitability 
as indicators of certain d characteristics. 
/ 10.4.5.1 Prediction of Lignite Pyrolysis Yields 
Signal area incranents have been mrrelated with the yields of 
products f ran a flash pyrolysis study of lignites (18 1. Signal intensities 
were also tested for correlations. 
A strong polymethylene signal is associated with high yields of ethane 
(R = 0.94) as indicated in Figure 10.22. The intensity of this signal also 
correlated, to a lesser extent, with the ethylene yield (R = 0.87 1. These 
correlations are consistent with the results of other M studies(18r47) ; 
ie that gaseous alkanes and alkenes are produced by "fragmentation of 
polymethylene chains"(18). The correlation between the signal and the sun 
of the ethane and ethylene yields was R = 0.92. The degree of correlation 
decreased as the other aliphatic gaseous canpnents (eg propane, nrethane 
etc) were included in the test. This trend indicates that the other 
gaseous products are not produced directly £ran the polymethylene chains 
but are derived fran either cyclic or branched aliphatic structures or are 
the products of semndary reactions. The lack of correlations between the 
00 and 032 yields, and any of the intensities of oxygenated carbon signals, 
suggests that these gases may also be the product of secondary reactions. 
Alternatively, several of the oxygenated carbon functionalities may only 
partially dearclpose to 03 and 032. A direct correlation between intensity 
and yield would not therefore be apected, 
Tars are generally thought to originate £ran the aliphatic content of 
the &S. For -le, tar yields have been correlated with atanic H/C 
ratios(48 ) and inversely correlated with the aranati~it~(~~ 1. The 
Figure 10.22: Plot of the yields of ethane gas form pyrolysis of lignites 
against the intensity contained in the polymethylene signal. 
equivalent plots for the seven lignites are shown in Figure 10.23. Degrees 
of correlation are evident (R = 0.83 and R = -0.85, respectively). The +a 
yields have also been correlated with the fraction of mthylene 
hydrogen (49). However, the lignite tar yields are not dependent on the 
polymethylene chain content (Figure 10.24a) but do show a correlation with 
the quantities of carbon in terminal chain positions (Figure 10.24b); 
ie the sum of intensities at 22 p p  and 15 p p  (R = 0.90 ) . These results 
are consistent with the earlier findings(18). The correlation is 
rationalised in terms of the tar originating fran branched aliphatic 
structures rather than straight chain structures. 
The quantity of tar produced by a mal is generally the mst importmt 
factor in terms of utilisation processes(50). However, the origin of 'he 
resultant char is also of interest. The natural progression fran &be 
correlation between tars and gaseous products, and the aliphatic carjon 
content, is that the chars are the product of the aranatic carbon conteqt. 
The lignite char yields showed a degree of dependence (R = 0.87 on 'Ihe 
armticity <Figure 10.25a). 
A better mrrelation (R 4.91) was observed between the yields of char 
and the sum of intensity in signals assigned to unsubstituted armzic 
carbon (Figure 10.25b). This trend suggests that highly substituzed 
armtic rings may be partially degraded in the ~rolysis process. The 
oxygen-containing products may decompose further to yield 03 and C02 +ich 
would be included in the gaseous products. 
This brief correlation of pyrolysis yields and the functional grmp 
analysis results indicate the potential for studying coal processes kith 
high resolution NMR ( 51 ) . 
10.4.5.2 The Polymethylene Chains 
The amount of carbon present in polpthylene chains decreases with 
increasing rank (Figure 10.9) but not in a uniform manner, The ratio of 
this signal intensity to the total aliphatic carbon (excluding oxyqen- 
substituted carbon) also decreases with increasing carbon content 
(Figure 10.26). It is interesting to note that the shape of the plot is 
very similar to that obtained with signal height ratios (Figure 5.16). 
However, this parameter gives a quantitative assessment of the change in 
aliphatic carbon character with increasing degree of coalification; 
ie there is no interference frcm SSB signals. 
09 
H/C (atomic ) 
Plot of the tar yields £ran the lignites against a)  the 
and b) the ara~ticity. 
Fiqure 10.24: Plot of the tar yields against a) the intensity in the 
polymethylene signal and b) the intensity contained in the signals 
assigned to nterminatingn carbons. 
F i v e  10.25: Plot of the char yields fran lignite pyrolysis against a) the 
fa values and b) the intensity contained in signals assigned to 
unsubstituted armtic carbon. 
Figure 10.26: Plot of the ratio of intensities in aliphatic carbon signals 
against carbon content. me numbers in brackets refer to the chemical 
shifts of the relevant signals. Data for a )  Central Otago lignites, 
b) W a i m u m u  lignites. 
The scatter observed in the lignite signal height ratios is also 
evident in the ratios of intensities. The Central Otago lignites dibit 
an average ratio of 0.60 (SD = 0 -06) while the average for the Southland 
lignites is 0.44 (SD = 0.04). It is interesting to note that the ratios of 
the four samples £ran the Waimumu coalfield are very similar. 
The clustering of ratios for lignites £ran similar areas suggests 
that, at this rank, the quantity of carbon in the polymethylene chains is a 
function of the source. The average chain length can be estimated fran the 
intensity data. The d e l  -und data studied in Chapter 5 indicated 
that, for chains longer than three carbon atans, all but three of the 
carbons will contribute to the resonance at 30 p p ;  ie the approximate 
chdcal shift pattern is: 
l 
1 CH3 CH2 -------C .CH2 + CH, R 
I 
l Chemical 15 22 30 39 
Shift (pp) 
The signal at 15 p p  is assigned entirely to terminal methyl groups. 
The chain length can therefore be estimated fran; 
Chain length = 3 + [%C (30) / %C (1511 [l0 -14 l
where the n d r  in brackets is the relevant chdcal shift. 
The average chain lengths estimated for the Central Otago and 
Southland lignites are 9.9 (SD = 2.3) and 6.9 (SD = 0.7) carbon atans, 
respectively. These values are not true chain lengths because the presence 
of cyclic aliphatic structures has not been taken into account. Hawever ,  
this simple calculation confirms that there is a fundamental difference 
between the aliphatic carbon character of the lignites fran the two areas. 
A source influence was also observed for the magnitude of the 
aranaticity values. A plot of the ratio of aliphatic carbon intensities 
against the aranaticity (Figure 10.27 ) indicates a close relationship 
between the tvm parameters. A law aranaticity value is not necessarily the 
result of a high content of all types of aliphatic carbon; ie including 
branched and oxygen-substituted carbon, but does indicate a high 
polymethylene chain content. 
The data plotted in Figure 10.27 gives an excellent sumnary of the 
major changes in the aliphatic arbn content with the increasing degree of 
Fiqwte 10.27: Plot of the ratio of aliphatic carbon signal intensities 
against the fa values. Range of values observed for i) lignites, 
ii ) hvA biturnnous coals. 
codlification as estimated by the armticity. The first mjor variation 
occurs in the aliphatic character of the lignites and is the result of 
source differences in the original. depositional environmt, Very little 
change is apparent in aliphatic content of the subbitwinous and low rank 
high volatile bitenous 4 s .  
The second mjor period of alteration occurs during the high volatile 
A bitminous rank. The mnount of carbon present in polpthylene chains, 
relative to the amount of other aliphatic carbon, reduces substantially 
throughout this coalification stage, The very low ratios observed for 
sdanthracites indicates the remining aliphatic carbon is present in very 
short or branched chains which are probably substituted onto armtic 
rings. In other words, the process of catagenesis, or the thermal cracking 
of aliphatic chains (Figure 2,18c), can be followed in quantitative t e r m s  
by NMR. Thus, the stage of oil generation that a coal, or sample of 
coalified material, has reached can be determined very rapidly, This fact 
indicates that IWR analysis could fill an important role in the petroleum 
exploration field. 
10.4-5.3 m e n  Substitution of -tic Rinqs 
The amunt of carbon that is present as oxygen-substituted aranatic 
functionalities decreased with increasing carbon content (Figure 10.14) for 
coals of subbituminous rank and higher. The ratio of this quantity to the 
total munt of -tic carbon (A-) provides an indication of the 
degree of oxygen-substitution of the aranatic rings. The ratio shows a 
steady decrease as the degree of adif ication increases (Figure 10 -28 1. 
In mntrast to the aliphatic carbon character, the mjor change in the 
quantity of oxygenated a m t i c  carbon occurs through the subbituminous and 
low rank bituminous rank. This trend is reflecting the loss of the signal 
at144 ppn assigned to hydroxyl substitution on adjacent ara~tic carbons. 
The second major alteration in the fraction of O-substituted a m t i c  
carbon is observed through the high volatile A bitminous range. This 
decrease corresponds to the loss of the signal at 154 p p  assigned to the 
isolated phenol functionality . 
The order of the degradation of these oxygenated aranatic 
functionalities is consistent with the results of a t h e  decanposition 
study of New Zealand coals(51). The signal of the less stable 
functionalities (144 p p )  was absent £ran the spectra of coals heated to 
~ i g u r e  10.28: Plot of the amount (%)  of a m t i c  carbon that is o m e n  
substituted against carbon content. Range of values observed for 
i) subbi tdnous and hvB,C bituminous coals, ii) hvA bituminous cds. 
temperatures higher than 400°C. H m e r ,  the signal at 154 ppn persisted 
in the spectra of chars produced at 600°C. 
These results suggest that the the& decanposition studies may be 
simulating the coalification reactions. m a l  mrkers have shown that 
artificial coalification can be induced solely by heating lignin and 
clay(5*) or brawn caal(53) under controlled conditions. One hour of 
heating at 290°C is equivalent to eleven years of pyrolysis at 2000~(5~). 
Therefore, the maximum tanperatme to which the ooalifying material had 
been exposed may be important in determining the resultant quantity of 
oxygenated functionalities. 
~uggate(55) has derived methods for estimating the formation 
tenperatures and the depths of burial of the sample. The data are obtained 
£ran the moisture content and specific energy of the sample, on an "average 
typem basis. The correction for type variations is performad by canparing 
the specific energy and bed misture(57) with the volatile matter (on a 
dmn.S.free basis). nIsanetarrrorphic lines" are extrapolated to a curve of 
the wmtamorphic dwelopnent of average-type coaln. This procedure 
obviously involves many assumptions(56) and a large amount of extrapolation 
error. However, the resultant data (Table 10.5) should prwide insight 
into this particular malification process. 
The relative content of oxygenated armtic content (A&+) is plotted 
against the estimated maximum temperature (T) in Figure 10.29. A broad 
relationship is observed which indicates that the highest tanperatwe 
attained during adification influences the degree of oxygen substitution 
of the aramatic rings. The broad band may reflect the scatter in the 
original data points used to construct the contour plots(55). However, the 
depth of burial (D) may also be influencing the data. Lyons et al(5*) 
found that the depth of burial ("load pressuren) had "no perceptible effect 
on coalification up to an including a rank of sdanthraciten, 
The effect of the depth of burial on the degree of oxygen substitution 
of aranatic rings is sham in Figure 10.30. The data are clustered into 
regions. This is not surprising since coals £ran deposits in close 
proximity are likely to have been buried to approximately the sanre depth. 
For example, the data for the subbituminous coals listed in Table 10.5 have 
been divided into North and South Island origins. The South Island 
subbituminous coals were buried to an average depth of llOOm (SD = 601111 
TABLE 10.5 
ta)  "As sampled at the mine* - Reference (39) 
( b) kcal/kg 
( C )  Average of values for several samples 
























































































































































































































































































































~iqure 10.29: Plot of the amunt ( % l  of aramtic carbon that is oxygenated, 
aga ins t  the estimated rrraxinrm temperature a t t a ined  during d i f i c a t i o n  of 
the samples. 
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Figure 10.30: Plot of the m u n t  of aromatic carbon that is oxygenated 
against the estinrated depth of burial. Data for a) South Island 
subbituminous coals, b) North Island subbituminous coals, c) Reefton 
bituminous coals, d) G r e p u t h  bituminous c d s  and e) B u l l e r  bituminous 
COdLs . 
which is significantly less than the average value of 1400m (SD = UOm) for 
the North Island subbituminous coals. 
The scatter in the data (Figure 10.30) indicates that the burial depth 
does not exert a strong influence on this NMR msure of the degree of 
coalif ication. H-er, the influence of pressure (the depth of burial) 
can be observed by separating the coal data into groups defined by certain 
depth divisions. The arbitrary divisions chosen were lOOOm and 1400m. 
Twenty-one coals were estimated to have been buried to depths betwen these 
t m  values. The A&+ values were replotted against T for these coals 
(Figure 10.3La ) . The linear-least-squares fit gives the relationship; 
A$+ = 0.433 - 0.0036 T 110.51 
with a coefficient R = -0.921. The equivalent plot (Figure 10.31b) of the 
data for the twelve coals buried at depths greater than 1400111 exhibits the 
relationship; 
A$+ = 0.423 - 0.0031 T 110.61 
with R = -0.892. 
The two equations give the same A s 4  value (0.361) for an ambient 
temperature of 20°C. However, the slope of the line for the coals buried 
at shallawer depths is greater than that for the increased depths. Thus, 
the degree of oxygen substitution of aranatic rings, for coals that have 
been exposed to the same maximum temperature, is inversely dependent on the 
pressure resultant £ran the depth of burial. In other words, the NMR 
results are oonsistent with the concept that the overburden pressure acts 
as a retardent in the coalif ication process (55 p59 1. 
It is interesting to assess the D and T data estimated for the 
Australian brown coals, The t m  samples appear to have been exposed to 
maximum temperatures of similar magnitude to those estimated for the 
New Zedland lignites. However, the brown a d s  were buried to 
significantly shallower depths, approximately 500-55h, in clamparison with 
an average depth of 1080m (SD = 15Om) for the New Zealand lignites. Thus, 
the rate of coalification of the brawn d s  should have been less 
inhibited by overburden pressure relative to the rate for New Zealand 
lignites. This wodd provide an explanation for the consistent observation 
that the structural properties of Australian brawn cods are intermediate 
between those measured for NZ lignites and subbituminous maI.~(~l). 
Figure 10.31: Data f r a n  Figure 10 -29 replotted acmrding to the estimated 
depth of burial. a) 1000 m < = D < 1400 m, b) D > = 1400 m. 
The simulation of the CP/MAS NMR spectra using DOFIC has resulted in 
I the canprehensive characterisation of the carbon, hydrogen and o- -. A . v  
I functionalities present in Australasian d s .  One of the mst interesting 
1 results is that the data for the ten Australian coals are consistent within 
' the trends observed in the properties of the fifty-seven New Zealand coals. 
l This fact suggests that, while the source material and depositional 
I envirormmts differed substantially, the processes that aoalified the humic 
' matter must be essentially very similar. Differences are observed in 
I parameters which are sensitive to source variations (far plymethylene 
I chain parameter). The high inertinite content of saw Australian 
I bituminous d s  is reflected in these NMR parameters. 
l The fact that Australasian -&S are similar in structure, haever, 
l 
I does not imply that cmls £ran the northern and southern hemisphere are 
I also alike(60). The analysis methods used for Australasian a d s  could 
1 easily be applied to samples £ran other countries to solve this 
controversy. 
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The qualitative survey of the signal origins and the thorough 
relawtion and "visibilityn studies have paved the way for the quantitative 
application of solid state Cl?/MAS NMR to d. The dwelopnent of the 
program DOFIC to autanatically simulate the signals observed in the NMR 
spectra of coal is seen as a valid new approach to the investigation of the 
heterogeneous structure of coal. An excellent elemental mass balance is 
achieved between the results generated by DOFIC and the Ultimate analyses 
of coals, that range in rank fra lignite to semianthracite. lhis fact 
provides encouraging evidence for the reliability of NMR as a 
quantitative technique. 
In conclusion, the results of this research shw that NMR is an 
extrgnely versatile technique for studying not only the &mica1 
alterations induced by coalification, but also the influence of the 
diversity of source and depositional environmnt on the coal structure. 
Thus, this study supports the statments made by Dr G. H. Taylor, in the 
closing address of the 1985 International Conference on Coal Science, that 
solid state NMR is set to becane one of the most important analytical 
techniques for bridging Dr R. C. Neavells concept of a "real-life gap" 
between industrial problems and coal science. 
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APPENDIX l : 9 N A L Y S E S  OF NEW ZEALAND COALS 
- -  - - - _ _ _ - - - _ - ~ - -  
NO. 
NZ 
%M l AD AR 
l - 28.0 
2 18.9 38.9 
3 - 22.0 
4 18.3 33.6 
5 - 49.6a 
6 - 15.4 
7 - 17.7 
8 - 31.9 




12 18.9 24.6 
13 18.4 29.7 
14 18.6 24.9 
15 14.3 17.9 
16 18.2 26.3 
17 16.6 21.1 
18 16.3 29.4 
19 13.9 15.2 
20 18.5 19.2 
21 16.2 18.0 
22 17.3 20.9 
23 15.5 17.9 
24 13.2 16.7 
25 15.3 15.6 
26 14.0 15.6 
27 13.5 16.1 
28 17.0 20.3 
29 14.1 20.1 
30 10.2 8.3 
31 10.2 20.8 
32 8.5 15.8 
33 8.2 13.8 
34 3.8 11.9 
35 6.1 15.7 
36 5.8 11.3 
37 2.5 8.5 
38 6.1 11.9 
39 4.2 9.1 
40 2.8 10.6 
APPENDIX 1 : ANALYSES O F  NEI??hLAND COALS 





c a 5 2  P- 5 6 . 7  
' 55.4 
l 
60 .3  
61.4 
63 .6  





6 6 . 1  
6 8 . 1  
68.6  
72.6  
70 .7  
74.2  
89 .8  
-- 
( a )  Reference  4.4 
( b )  Reference  4.3  
( C )  Composite a n a l y s e d  a s  3 0 / 4 5 5  
(d) V .  K. Gray and-T.  4. ~ a l y  NZXSc. 24, 1 7 9  ( 1 9 8 1 )  
( e )  Reference  4.5 
APPENDIX 2 : ANALYSES OF AUSTRALIAN COALS 
( a )  Reference 4.9 
tb )  Reference 4.8 
(C) Reference 4.10 













































































































































































m )  
Low ranks only  
56 74 148 177 
41.5 35.5 40 38.5 
37.5 37 34 30 
58.5 48 52.5 52.5 
33.5 28 35.5 35 
43 39.5 31.5 26.5 
64 55.5 64.5 47.5 
122.5 88 117 86.5 
126 122 100.5 75 
88 53.5 78 6 9 
86 48.5 70 55 
74 . 59 64 5 5 
( a )  Brackets  i n d i c a t e  t h a t  the s i g n a l  was n o t  r e s o l v e d  






















































(a) Standard deviation 
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(a) Spectra obtained at higher spinning frequency, 
PURE OOAL 
A B C 
0.0375 0.0060 0.0054 
0 -0473 0.0109 0.0356 
0.0611 0.0140 0.0616 
0 -0564 0 -0133 0.0604 
0.0484 0.0136 0.0519 
0.0443 0 -0089 0.0342 
0.0382 0.0083 0.0205 
0.9726 0.0156 0 -0362 
0.0470 0.0115 0.0284 
0.0468 0.0088 0.0307 
0.0452 0.0099 0.0317 
0.0809 0.0126 0 -0542 
0.0601 0.0103 0.0447 
- 
0.0514 0.0100 0.0413 
0.0449 0.0098 0.0316 
0.0492 0.0091 0.0365 
0.0440 0.0080 0.0308 
0.0488 0.0112 0.0412 
0.0512 0.0101 0.0390 
0.0494 0.0098 0.0288 
0.0583 0.0131 0 -0447 
0.0330 0.0061 0.0198 
0.0611 0.0128 0.0220 
0.0677 0.0135 0.0262 
0.0953 0 .OS93 0.0245 
0.0605 0.0526 0.0056 
(b) Magnetically separated sample 
alAL:ATMMTURES 
A B C 
0.0594 0.0275 0.0288 
0.0652 0.0295 0.0248 
0.0614 0.0300 0.0289 
0.0704 0.0320 0 -0214 
0 -0657 0.0300 0 -0298 
0.0590 0.0289 0.0197 
0.0514 0.0278 0.0151 
0 -0631 0.0324 0.0288 
0.0664 0 -0308 0,0165 
0.0616 0.0299 0 -0211 
0.0637 0.0304 0.0220 
0.0689 0.0314 0.0266 
0.0763 0.0320 0 -0246 
0.0718 0.0301 0.0 
0.0643 0.0247 0 -0213 
0.0634 0.0278 0.0189 
0.0609 0.0299 0.0199 
0.0656 0.0314 0 -0240 
0 -0649 0.0316 0.0210 
0.0339 0.0168 0.0104 
0.0618 0.0264 0.0174 
0 -0586 0.0256 0.0132 
0.0753 0.0326 0.0181 
0.0757 0.0322 0.0185 
+ 
L 

























A B C 
0.0872 0.0159 0.0513 
0.0903 0.0187 0,0733 
0 -0784 0.0174 0 -0859 
0.0762 0,0177 0 .0700 
0.1097 0.0228 0,0728 
0.1075 0.0178 0.0479 
0.1122 0.0234 0,0588 
0 -1143 0.0217 0.0561 
0.0949 0.0177 0.0573 
0.0960 0.0189 0.0580 
0.0653 0.0135 0.0533 
0.1249 0.0221 0.0974 
0.0752 0.0128 0.0620 
0.0818 0.0157 0.0510 
0.0547 0,0092 0.0408 
0.0437 0.0080 0.0395 
0.0445 0.0079 0 -0394 
0.0580 0.0086 0.0330 
0.0621 0.0109 0.0422 
0.0447 0.0087 0.0217 
0.0643 0.0133 0.0196 
0.0432 0,0082 0.0181 
CDAL : AT MIXTURES 
A B C 
0 -0704 0.0299 0.0255 
0.0814 0.0339 0,0363 
0.0754 0.0333 0.0331 
0 -0763 0.0334 0.0348 
0.0886 0.0328 0.0320 
0.0856 0.0341 0.0279 
0.0955 0,0329 0.0281 
0.0816 0 -0333 0 -0302 
0,0859 0,0334 0.0301 
0.0796 0.0331 0.0323 
0.0551 0 -0325 0.0314 
0.0782 0.0317 0.0290 
0.0781 0.0307 0.0302 
0.0746 0.0298 0.0222 
0.0738 0.0302 0.0224 
0.0650 0.0301 0.0218 
0 -0669 0.0315 0.0241 
0.0674 0.0323 0.0208 
0.0710 0 -0318 0 -0243 
0.0684 0 -0307 0.0151 
0.0771 0.0339 0.0169 
0 .OS90 0.0264 0.0164 
L 
b 


































NZ COAL NUMBER 
1 2 3 4 5 6 7 8' 9 10 11 
2.865 3.977 1.790 2.418 2.507 2.626 3.441 2.722 2.393 2.312 2.397 
3.2 2.2 4.2 5.6 2.8 4.4 2.8 2.9 2.4 2.8 3.1 
4.8 4.1 6.4 6.9 6.2 4.2 3.9 4.4 4.4 5.1 5.8 
20.3 22.9 25.0 20.0 23.1 14.1 7.5 11.5 11.6 11.7 13.8 
4.0 0 3.6 3.6 1.5 4.0 3.6 3.9 3.5 4.1 3.6 
2.2 3.5 3.2 3.1 4.4 3.0 3.7 3.4 3.0 3.5 3.9 
1.9 2.5 2.2 2.0 2.5 2.5 2.9 3.4 2.9 3.4 3.0 
1.9 1.7 1.1 0.5 2.0 1.2 2.0 2.9 2.0 1.1 1.5 
1.9 2.9 2.1 1.3 3.4 2.2 2.0 4.8 1.9 1.8 2.7 
0.2 1.1 1.2 0.4 2.0 0.8 1.5 1.5 2.2 1.3 1.6 
1.2 0.9 0 0.2 0.9 0.7 0.7 1.3 0.4 0.6 1.3 
0.5 1.0 0.3 0.3 0.3 0.6 0 1.0 0 0.9 0.8 
0 0 1.9 0 7.7 2.1 6.9 7.5 10.1 0 0 
10.4 7.1 6.2 9.9 3.0 9.6 5.4 0 1.7 12.6 12.6 
4.0 7.6 4.9 2.9 4.3 4.5 7.0 11.9 8.2 3.0 1.4 
9.7 2.8 6.8 10.6 6.6 11.2 8.8 2.2 9.5 10.4 10.8 
12.4 18.7 10.3 12.1 8.8 12.2 13.4 14.0 9.5 13.2 8.4 
6.2 4.9 4.9 3.5 6.1 6.2 9.5 4.2 6.6 6.7 6.8 
3.9 2.2 2.7 3.7 1.4 3.1 1.7 2.9 3.6 3.2 3.5 
3.0 3.8 3.4 3.6 4.1 5.0 5.8 6.0 4.5 5.1 5.0 
6.1 6.3 4.6 5.3 3.7 5.4 7.5 5.0 5.3 6.3 5.2 
4.1 3.6 4.9 4.5 5.1 2.8 3.1 5.2 6.8 3.1 5.3 
0.56 0.53 0.46 0.52 0.46 0.59 0.66 0.54 0.59 0.61 0.54 
0.23 0.23 0.23 0.24 0.20 0.23 0.23 0.26 0.23 0.24 0.26 
8.8 11.8 7.2 4.3 12.8 8.5 9.3 16.4 9.2 8.6 11.3 
0.344 0.344 0.323 0.316 0.348 0.314 0.347 0.448 0.425 0.336 0.404 
0.108 0.109 0.117 0.115 0.112 0.106 0.095 0.107 0.100 0.102 0.104 
68.9 68.8 69.5 69.8 68.5 70.4 69.3 64.3 65.5 69.5 66.3 
7.4 7.5 8.1 8.1 7.7 7.5 6.6 6.9 6.6 7.1 6.9 
































~ ~ E R M B E R  
1 2  13  14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
2.410 2.351 2.439 3.106 2.463 2.180 2.206 1.808 2.056 4.602 4.716 2.141 2.551 2.272 1.896 2.098 2.338 2.972 3.350 
4.0 3.8 3.9 5.6 4.6 3.6 4.9 4.0 3.2 5.6 6.0 2.2 6.7 3.7 3.7 4.2 3.9 4.6 4.3 
3.8 4.3 4.7 6.7 5.3 5.0 5.0 5.0 4.1 5.8 6.0 4.3 6.8 4.5 5.3 5.2 5.2 4.3 4.6 
U.4 8.4 7.4 U 8.3 10.0 10.9 9.8 7.3 9.7 U.5 6.8 16.0 9.7 9.6 12.6 9.7 10.0 7.3 
7.5 6.4 5.0 6.4 7.6 7.0 7.7 6.3 6.9 4.1 4.2 6.4 6.5 8.3 6.2 6.5 6.6 5.4 5.1 
3.2 3.8 2.9 2.2 3.9 3.2 3.0 3.0 2.6 1.5 0.8 4.7 2.0 3.8 3.0 3.1 2.9 3.1 2.6 
0.7 0.7 0.5 0 0.6 0.5 0.7 0.7 0.5 0.1 0 0.8 0 0.4 0.4 0.5 0.6 0.4 0.4 
0.7 1.2 0.8 - 1.2 0.6 0.7 0.4 0.4 - - 1.3 - 1.1 0.4 0.6 - 0.5 0.4 
0.5 0.2 0.5 0 0.7 0.6 0.3 0.4 0.1 0 0 0.5 0 0.00 0.4 0 0 0.0 0 
0.6 0.1 0.2 - 0.7 0.5 0.1 0.1 0.8 - - 1.0 - 0.9 0 0.8 - 0.4 0 
0.1 0.2 0.4 - 0.4 0.4 0.2 0.5 0.0 - - 0.7 - 0 - 0 0.1 0.6 0.3 
1.7 0.7 0.2 0.2 3.1 0 1.1 7.3 0 5.6 0 1.9 0 0 1.6 6.7 0 2.3 0 
6.4 5.5 9.3 11.5 8.3 13.8 4.0 0 16.3 8.6 9.9 10.9 7.0 13.1 8.4 4.9 10.7 6.8 7.3 
8.2 9.8 6.2 3.8 3.7 3.0 9.9 10.9 0.3 0.7 2.9 4.3 7.3 3.4 7.3 7.3 5.7 8.9 5.4 
25.4 28.7 31.0 29.4 24.4 24.5 27.1 24.4 30.9 33.4 28.5 26.2 28.3 29.2 26.7 24.9 28.8 27.3 43.1 
11.4 8.9 7.3 3.0 7.5 9.4 6.5 10.5 4.61 4.4 8.1 11.4 5.8 4.8 9.5 8.1 9.7 10.5 12.2 
4.9 7.9 9.0 5.6 6.6 5.0 8.9 4.4 8.2 7.8 6.8 5.7 4.8 7.9 5.1 4.4 4.5 3.5 6.9 
7.8 9.5 7.9 10.1 9.5 8.6 7.5 8.1 9.8 9.5 10.9 8.6 7.5 8.8 8.7 7.1 9.7 10.1 8.6 
1.8 0 2.8 3.7 3.8 4.4 1.7 4.2 4.0 3.2 4.4 2.2 1.4 2.3 3.0 2.8 2.0 1.9 0.7 
0.66 0.71 0.71 0.64 0.63 0.64 0.65 0.66 0.70 0.70 0.67 0.69 0.61 0.65 0.67 0.63 0.69 0.69 0.74 
0.19 0.24 0.23 0.25 0.25 0.21 0.25 0.19 0.26 0.20 0.19 0.21 0.20 0.25 0.20 0.18 0.21 0.20 0.20 
1.000 1.000 0.954 1.000 0.918 1.000 1.000 1.000 1.000 0.553 0.221 1.000 1.000 0.986 1.000 1.000 1.000 1.000 0.903 
0.244 0.260 0.321 0.308 0.346 0.324 0.287 0.300 0.365 0.272 0.283 0.296 0.200 0.310 0.283 0.250 0.250 0.246 0.228 
0.097 0.097 0.096 0.108 0.099 0.097 0.104 0.096 0.097 0.101 0.098 0.900 O.ll2 0.101 0.097 0.101 0.097 0.096 0.093 
74.6 73.6 70.6 70.7 69.1 70.4 71.9 71.6 68.4 72.9 72.4 72.2 76.3 70.9 72.5 74.0 74.2 74.5 75.8 
7.2 7.2 6.8 7-6 6.9 6.8 7.5 6.9 6.6 7.3 7.1 6.5 8.5 7.2 7.0 7.5 7.2 7.2 7.0 
18.2 19.2 22.6 21.7 24.0 22.8 20.6 21.5 25.0 19.8 20.5 21.3 15.2 21.9 20.5 18.5 18.6 18.3 17.2 
- 
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APEWIDIX 6.3 : "MEDIWHIGH" RANK 
APPENDIX 6.5 : AUSTRALIAN COALS 
AUSTRALIAN COAL NUMBER 
2 3 4 5 6 7 8 9 
l0 I 





PROGRAM CROMASS (cromass r spect ra ) : 
CONST numspins = l :  
numpts = 2001 
TYPE 
datvec = ARRAYCl..numptsJ of REAL; 
datarray = ARRAYCl..numptsri..numspinsJ of REAL; 
VAR 
cromass tspect ra:TEXT; 
AiB:datarrayi 
E*P,Q:datveei 












I :=I+i i 
END i 
READLNCcrorass) i 
WRITELNCspect ra r ' ' ) i 
END;< of title 3 
PROCEDURE printdata CVAR J: INTEGER) I 
VAR 
I r K: INTEGER; 
BEGIN 
WRITELN Cspect ra c ' No of Rows Read ' r J) i 
FOR I:=l TO nu~epts DO BEGIN 
FOR K:=1 TO numspins DO BEGIN 
WRITECspectrar' ' qACI9K3 :a:¶>; 
\ ENDi 
WR1TELN<spectrarv ' > i 
END i 
ENDi C of printflag 3 
PROCEDURE basecorrect(VAR PFC:INTEGER)l 
CParabol ic baseline correctians in AB specify corrections 
for 1=2OOrlO01O respectively) 
VAR - 
I 9 )C: INTEGER ; 
S~VIYIZ:RERL; 
U:ARRAY Cl. . nur1~spins3 of INTEGER; 
AB:ARRAYC1..3t l. .numspinsl of REAL; 
BEG IN 
FOR I:=l TO 3 DO BEGIN 
FOR K:= 1 TO numspins DO BEGIN 
~ ~ ~ ~ C c r o m a s s t 4 ~ ~ 1  ~ K I  j ;
END : 
END ; 
FOR K:=l TO nuiitspins DO BEGIN 
S:= (ARC1 rKl-2*ABC3r Kl+ARCZr#J ) /20000i 
Y:= (-ADC1 ,i<l+PSAB C21 K7 -3+FIbC3t)<l) i=O(>;  
Z:= AFL3rb<3; 
FOR I:+l TO numpts DO BEGIN 
v:=S+I+I+y*I+z; 
ACItICl := ACI ,l<] - Vi 
END i 
END 1 
IF PFC)O THEN BEGIN 
WRITELNCspectrac'Data Corrected For Parabolic Base1ine')l 
FOR I:=l TO nub~pts DO BEGIN 
UClI:= ROUND(RCIcl3); 
UC21:= ROUNDCACLc23); 
UCZI:= ROUND(AC1 131) i 
UC43 := ROUNDCAC I sd3) i 
WRITELNCspectrat IeUtll eUC23 ~UC33cUC43> 4 
END i 
END i 





BEOIN {reading data array) 
J:=o; 
FOR I : = l  TO numpts DO BEGIN 
FOR K:=1 T0 numspins DO BEGIN 




READ (cromass 1 PF) i 
IF PF )0 THEN printdata<J)C 
Creading spinner C requencies) 
S:=Oi 
WRITELN<spectra r'spinner C requencies' ) l  
FOR L:=1 TO numspi ns DO BEjZIN 
READCcrornass r W CL1 ) i 
WRITE(spectras' ' rWCLl:4:l)i 
S: =S+W EL3 i 
END i 
s:=s/4; 
FOR L:=l TO numspins DO BEGIN 
WCL+ numspins3:= (WCLI - WCllS/(S - W L l J > :  
M D  ; 
URITELN(spectrarV ' ) i  
€reading nos. of iterations) - 
READ (cromass 1T) i 
WRITELN(spectrar'No of Iterations ' v f ) i  
<Iterations = 0 for a single pass3 
READ (croinass r BC c PFC) i 
IF BC )O THEN basecorrect (PFC) i 
ENDiC af getdata 3 
PROCEDURE persistents 8 
VAR 
I *K: INTEGER; 
M:REAL; 
EIEG I N 
WRITELNCspectrar'Persistent Signals 
FOR I:=l TO numpts DO BEGIN 
M:= l000 i 
FOR K:=l TO numspins DO BEGIN 










FOR 1:=1 TO nviitpts DO BEGIN 
FOR K?=l TO numspins DO BEGIN 
BCItKJ:= ACIrt(1 - PCIIi 
END 2 
END i 
FOR Ic=l TO truf(,pts DO EEGIN 
QC11 : = l  i 
IF PC11 ) =  l THEN QC11 := PCIli 
END; 
iSfgtials in P are mostly eentrebandsr Q<1 could upset Z calculation>. 
END; C of residuals ) 








FOR I:=l TO 9 DO BEGIN 
Y:=Y+ RCIIi 




FOR I:=i TO numpts DO BEGIN 
RC11 :=RCIl-I*S-Yi 
END i 
URITECspectrar ' I P R' 1 g 
WRITELN(spectrar ' F 0 H *l! 
FOR I:= 1 TO numpts DO BEGIN 
uc11:= ROUND(PCI1~ I
UC23:- RQUNDCRCII) i 
UC33:= ROUND(FCI1); 
UC43 := ROUNDtGCIl) I 
UC51:= ROUND(HCI3) i 
WRITELN(spectrai 19UC13 iUC23 vUC33 lUCOI*UI:Sl> 3 
END ; 
END; € of tidyoutput > 
PROCEDURE ssbcoitic(VAR F~GrH:datvec)t 
{Arrive here if ~ o b  not donelsearch Cor ssb coincidences + remove 
them from P> 
- 
VAR 
I vK*N: INTEGER; 
CIDIMIS:REAL; 
BEG IN 
FOR.I:=l TO numpts DO REGIN 
IF PCII)=O THEN BEGIN 
M:=1000i 




IF CI+N) (= numpts THEN C:=HCI+NI i 
IF (I-N))=l THEN D:=GCI-NI i 
S:=FCIl*WCK+dI+C+DI 
IF S(=M THEN M:=S; 
END i 
IF M)=l THEN BEGIN 
PC11 :=ECIl-Mi 




FOR I:=1 TO numpts DO BEGIN 
FOR K:=i  TO nurnspins DO BEGIN 
BCIrKI:=ACIrKI - PCI3; 
END i 
BC11 ~=FCIl+GCIl+HCIl i 
IF BC13 (=l THEN BCIl:=I; 
END i 
ENDiC a f  ssbco~nc> 
CArrays B+Q are now ready f o r  another loop) 
PROCEDURE testitersCV4R RIFIGIH: datvec)f 
BEG IN 
T:= T - l 5 
IF T (= -0.5 THEN tidyoutput(R~F.G~H) 
ELSE ssbcoinc(F1GvH)i 
END; C of testitere > 
PROCEDURE iteration; 
i Array F = centre-band additionsrarray G = low f requeticy ssb'sr 
array H = high frequency ssb's.Residuals distributed according 
to the magnitude of the elements in Q> 
BEG IN 
REPEAT BEGIN 
FOR I:=l TO numpts DO BEGIN 
FKI3:= 0; 
GtI3:- 0 ;  
HCI1:a Oi 
END 3 
FOR I:= 1 TO numpts DO BEGIN 
- FOR K:= 1 TO nuinspins 00 BEGIN 
Nt= ROUND(WCK3) : 
c:=i: 
D,=Ii 
IF CI+N) (=nuapts THEN C:=QCI+NI D 
IF (I-N))=l THEN D:=QCI-NI i 




IF <I+N) C= numpts THEN BEGIN 
IF C)=PCI+Nl THEN FCII:=FCII + C ;  
IF C(PCI+NJ THEN GKI+NI:=GCI+NJ + C: 
END F 
IF (I-N))=l THEN BEGIN 
a IF D)=PCI-NI THEN FCII:=FCII + D; 




CF~OIHtaveraged over 6 spectra) 








UNTIL T <  -0.5; 
END; C of iteration 3 
BEGIN Cmain program so far > 
title: '.- 
getdatai C calls printdata and basecorrect > 
persistents i 
residualsi 
iterationif calls testiters which calls tidyoutput or ssbcoinc ) 
END. 
P R O G R ~ H  CORRELATE ~pyrolprodrpyroltigrpyrolysis~pyrolplot)~ 
4 Program t o  correlate t h e  coal spectra with the flash pyrolysis results3 
CONST 
maxlig = 15; 
TYPE 
datset = ARRAVCl..maxligrl..maxlig3 O F  REAL? 
ppmvec = ARRAYCO..a003 O F  REAL; 
datarray = ~RRAYt0..400w1..maxligl O F  REAL; 
ratioarray = ARRAYCl..maxligrO..AOOl OF REAL; 
totalarray = ARRAYCl. .maxl iql OF REAL; 
titlearray = ARRAYCl..maxlig1 OF VflRYINGC301 OF CHARI 




Man : REAL i 






ref : codename l 





READLN(pyro1prod r nuiitprod) i 
READLN(pyrolligtSprWprnu1ncIianne1) i 
FOR K:=l TO numlig DO 
RERDLNCpyrolligr lignameCK3) i 
FOR )<:=l TO nuii~lig DO -. 
READCpyrolligr ref ClC3) 
READLNCpyrolligj i 
FOR J:=0 TO tluiiacllannel DO BEGIN 
READ(pyrol1 igtppinCJ3) i 
FOR K:=l TO numlig DO 
READ<pyrolligg ligCJrK1) 
READLN(pyro1 l igj i 
END i 
FOR I:= 1 TO numprod DO BEGZN 
READLNCpyrolprod 3 nameprod CI3)S 
FOR K:=l TO numlig DO 
READCpyralprodryieldCI 1KI) 8 
READLN(pyro1 prod) i 
END ; 
END; C o f  readdata > 
PROCEDURE product f i t 8 
VAR 
I ,J,K: INTEGER; 





FOR K:=l TO numlig DO BEGIN 
tota11igCKI :=O: 
FOR J:=0 TO nuinchannel DO 
totalligCtC3 := total ligCk1 + ligCJ,#3: 
END ; 
FOR K:= 1 TO nu~alig 130 EEGIN 
FOR J:=0 TO nuntctiantiel DO 
1iqCJrl<3:= C10000 + ligCJrl(7 )/tmtaI1igCK3 I . 
END ; 
FOR J:= O TO numchatinel DO BEGIN 
AvX C Jl : =r5; 
FOR Kr-l TO numlig DO 
AvXCJI :=AvXCJI+ 1igCJrKl i 
AvXCJI :=(AvX CJl/numl ig) i 
END i 
FOR I:= 1 TO numprod DO BEGIN 
AvYcII:=Oi 
FOR K:=i TO numlig DO 
AvYCIl:=AvYCII+ yieldCIrK3; 
AvYCII :=(AvYCIl/nu~nlig) i 
END i 
FOR J:= 0 TO numchannel DO BEGIN 
FOR K:=l  TO numllg DO 
aigCJrKl:=ligCJ~Kl - AvXCJl i 
END i 
FOR I:= 1 TO numprod DO BEGIN 
FOR K:=l TO numlig DO 
prodCIrKl:=yieldCI~Kl - AvYCI3; 
END ; 
Man:=Oi 
FOR I:=l TO numprod DO BEGIN 
MaxprodCIl :=Oi 
FOR J:= O TO numchannel DO BEGIN 
ACItJl :=O~BCIrJ1:=O;CCIrJl3:=Oi 
DCIrJl :=OiRCIrJl:=15iHCItJI :=Oi 
FOR K:=l TO nufitlig DO BEGIN 
ACIrJI:=ACIrJl + (sigCJ~Kl*prodCIiK3)i 
BCItJI:=BCIrJI + CsqrCsigCJrKI)); 
CCI~JI:=CCIIJ~ + CsqrrprodC11KI))i 
END; 
D C I ~ J ~ : = ~ ~ ~ ~ C C C I ~ J I * B C I I J ~ )  i 
RCIiJI :=ACI~JI/DCIIJI i 
HCItJ3:=RCIrJI/~l-RCIrJl~~ 
IF HCIrJl ) MaxprodCIl THEN 
MaxprodCI1:=HCI~J1 i 
IF Maxprodf I1 ) Max THEN 
Max := MaxprodCIIi 
END I 
END i 




FOR I:=i TO nuaprod DO BEGIN 
WRITELN(pyrolplotrSp*Wp~i 
W R I T E L N ~ p y r o l p l o t r t i a ~ ~ ~ e p r o d C I l )  i 
WRITELN~pyrolplot~nunichantie1)  : 
FOR J:=O TO TRUNCC<nuinchantlel/lO>-11 DO BEGIN 
FOR K:= O TO 9 DO 
WRITE(pyrolplottHCI~J*1O+Kl:5:lt' ' ); 
WR1TELNlpyrolplot)i 
END i 




FOR K:=i TO numlig DO 
WRITELN~pyrolysistlignameCKl)~ 
WRITECpyrolysis.' ppm ' ) i 
FOR K:=l TO rtu,,~l ig DO 
WRITECpyrolysisr re+ [!C3 r 1  ' 1  i 
WRITELN<pyrolysis) i 
FOR J:=O TO nu~t~ctlanticl DO BEGIN 
W R I T E ( p y r o l y s ~ s t p p ~ ~ ~ t J l : J : O ~ '  ' )  i 
FOR K:=l TO nulrlig DO 




FOR I:=1 TO tiua~prod DO 
WRITE(pyro1ysisrtiemeprodCI3r1 ' 1; 
WRITELNI pyrolysisJ i 
WRITE(pyro1ysis.t' ppsn ' );  
FOR I := l  TO tlu~i~prod DO 
WRITEcpyrolysls~ ' R/l-R ' ) i  
WRITELN~pyrolysls) i
FOR J:=0 TO riui~ochannel DO BEGIN 
WRITE~pyrolysis~ppmcJI:3:o~~ I ) ;  
FOR I:=l TO numprod DO 
WRITE(pyrolyaisrHC1 *JJ:5: 1 , '  ' ) ;  
WRITELN<pyrolysis)i 
END i 
WRITELNCpyrolysis*' Maxisut~t R/l-R for each product fit'); 
FOR I:= 1 TO numprod DO 
WRITE<pyrolysis~MaxprodC13:4:1~' 
WRITELN(pyro1yais); 
WRITELNCpyrolysisr' Maximum R/l-R obtained: *tMaxr4¶11; 
END; C of plotratio > 
C************************************************************************> 
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ABSTRACT 
Solid samples of  New Zealand coa ls  were character ised by 
cross-polarisat ion nuclear  magnetic resonance with magic-angle 
spinning i n  a superconducting magnet. Aromaticity measurements 
required only 10 minutes of  instrument t i m e  f o r  l i g n i t e s  and 
subbituminous coa ls ,  but up t o  an hour of  instrument t i m e  f o r  
higher-ranking coals  because of t h e  less favourable proton 
spin  re laxat ion t i m e s .  Aromaticity values ranged from 0.49 
( f o r  an Otago l i g n i t e )  t o  0.83 ( f o r  a semianthraci te) ,  but  t h i s  
parameter was found t o  be a poor measure of  rank. Aromaticity 
values alone could not  be used t o  d i s t i ngu i sh  bituminous from 
subbituminous coa ls ,  o r  even bituminous coa ls  from Southland 
l i g n i t e s .  Signals  assigned t o  phenolic carbon showed a s t rong 
cor re la t ion  with rank; these  s igna l s  dominated the  aromatic 
region of some l i g n i t e  spec t ra ,  w e r e  prominent i n  t h e  spec t ra  
of subbituminous coals ,  weak i n  t he  spec t ra  of bituminous coa ls  
and absent from a spectrum of semianthraci te ,  Precise  chemical 
s h i f t  measurements f o r  phenols in a sample of c o a l i f i e d  wood 
i d e n t i f i e d  t h e  source a s  softwood l ign in .  The most de t a i l ed  
spec t ra  were obtained f o r  l i g n i t e s ,  Carbon-13 NIIR can be used 
t o  est imate t h e  methoxyl content  and ce l lu lose  content of 
l i g n i t e s ,  besides providing q u a l i t a t i v e  comparisons of  o ther  
s t r u c t u r a l  fea tures .  
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I 1 INTRODUCTION 
The f i r s t  high-resolut ion 13c NMR spectrum o f  s o l i d  coa l  was 
repor ted  by VanderHart and Retcofskyl i n  1976. Since then,  
s o l i d - s t a t e  NMR has been used t o  cha rac t e r i s e  coals  and o i l  
2 
s h a l e s  from a wide v a r i e t y  o f  sources  . The improved s e n s i t i v i t y  
o f  t h e  cross-polar isa t ion  (CP) NMR technique is now w e l l  
2 
es t ab l i shed  . The in t roduc t ion  o f  "magic-angle" spinning (MAS) 
techniques l e d  t o  reduced l inewidths  and hence b e t t e r  s epa ra t i on  
3 
of  s i gna l s  from aromatic and a l i p h a t i c  carbon . The e a r l i e r  
13c CP/MAS NMR s t u d i e s  of  c o a l  made use o f  electromagnet NMR 
spectrometers3 4 .  More r ecen t  s t u d i e s  show t h e  improved 
1 s e n s i t i v i t y  t h a t  can be obta ined from a superconducting NMR 
5-9 
spectrometer .. 
I The 13c CP/MAS NMR technique is new and t h e r e  i s  thus  f a r  no 
accepted set of s tandard experimental  condi t ions  f o r  ob ta in ing  
s p e c t r a  o f  coal.  Published s p e c t r a  have been obtained with a 
wide v a r i e t y  of  magnetic f i e l d s ,  sp inner  frequencies  and radio-  
frequency power l e v e l s .  It is t h e r e f o r e  d i f f i c u l t  t o  compare 
published spec t r a  of  coa l s  from d i f f e r ence  sources,  i n  o r d e r  t o  
t es t  f o r  systematic  t rends  such a s  t h e  e f f e c t s  of  i nc r ea s ing  
rank. The published spec t rahave  beenmainly o f  coals  from t h e  
USA, and t h e  conclusions a r e  t h e r e f o r e  no t  neces sa r i l y  v a l i d  f o r  
coa l s  from o the r  p a r t s  of  t h e  world: e.g. Retcofskyl0 found t h a t  
t h e  13c CP/MAS NMR spec t r a  o f  3 Chinese coa l s  d id  no t  fit 
genera l i sa t ions  based on coa l s  from t h e  USA. 
W e  have chosen a co l l e c t i on  of  New Zealand coa l s  t o  span t h e  
ASTM rank c l a s s i f i c a t i o n  from l i g n i t e  t o  semi-anthraci te ,  with 
a b i a s  towards t h e  lower ranks because o f  t h e  economic importance 
1 o f  Chese coals .  A l l  s pec t r a  w e r e  run on t h e  Varian XL-ZOO 
superconducting NMR spectrometer a t  Chemistry Division, us ing 
experimental condit ions based on a s tudy of  nuclear  sp in  
r e l axa t i on  i n  coa l s  of var ious  ranks1'. I n  assess ing  t h e  use o f  
t h e  13c CP/MAS NMR technique, w e  set o u t  t o  answer two ques t ions ;  
1 (i) do t h e  spec t r a -  show d e t a i l s  which may be use fu l  i n  charac te r -  
l i s i n g  New Zealand coals?  
(ii) can s a t i s f a c t o r y  spec t r a  be obta ined within a reasonable 
amount o f  instrument t ime? 
2 EXPERIMENTAL 
A l l  samples w e r e  crushed t o  c200 pm. About 0.3 g o f  each 
sample was packed i n  a 10 mm diameter r o t o r  made o f  Rel-F, 
and a l a y e r  of  powdered b o r i c  ac id  was spread over  the t o p  t o  a 
depth o f  1 mm. The composite sample was then compressed by a 
c y l i n d r i c a l  plunger he ld  down by a weight o f  approximately 500 
kg. A cross-sec t ion  of  a f i l l e d  r o t o r  is shown i n  Fig.1. The 
l aye r  of  bor ic  a c i d  provided a smooth, hard su r f ace  which seldom 
cracked dur ing sample spinning.  Samples run wi thout  a boric- 
a c id  cap sometimes lacked t h e  cohesion requ i red  to withs tand 
high-speed spinning. Rotors were spun a t  2.5 + 0.2 . kHz on a 
cushion o f  air ,  using a i r  p ressures  up t o  0.4 MPa. The s tandard  
Varian XL-200 spectrometer  a i r  hosing was replaced wi th  PVC 
hosing capable o f  accep t ing  t h i s  pressure.  
The Varian XL-200 NMR spectrometer  opera tes  a t  a 13c NMR 
frequency of 50.3 MHz. Proton sp in s  w e r e  decoupled wi th  a 
radiofrequency f i e l d  s t r e n g t h  of 1 .0  mT (i.e. yB2/2s = 40 kHz) . 
This was reduced t o  0.5 mT durin<cross-polarisat ion,  i n  o rde r  
t o  e s t a b l i s h  t h e  Hartmann-Hahn condit ion.  A con tac t  t i m e  o f  1 m s  
was chosen a s  a compromise between t h e  requirement o f  f u l l  
c ross-polar isa t ion:  
con tac t  t i m e  >> cross -po la r i sa t ion  t i m e  cons t an t ,  
and t h e  need t o  maintain adequate proton sp in  magnetisat ion 
i n  t h e  r o t a t i n g  frame: 
contac t  t i m e  T (H) . IP 
Spin re laxa t ion  studies1' of New Zealand coa l s  have shown cross-  
po l a r i s a t i on  t i m e  cons tan t s  i n  t h e  range 0.02-0.6 ms, and values 
o f  Tlp (H) i n  t h e  range 2-4 m s .  The choice o f  a con t ac t  t i m e  o f  
1 ms is cons i s t en t  with t h e  observat ion of Su l l ivan  and Maciel 12 
t h a t  f o r  t h e  major i ty  of United S t a t e s  coa l s  s t ud i ed ,  no marked 
changes i n  r e l a t i v e  s i g n a l  a r ea s  were observed f o r  con t ac t  t i m e s  
- 
grea t e r  than 1 m s .  and Packer e t  -- a l . l4 have repor ted  
s imi l a r  conclusions for B r i t i s h  coals .  Dudley and ~ ~ f e l '  have 
f i t t e d  magnetisation curves t o  a t h e o r e t i c a l  expression, and 
found s m a l l  devia t ions  between t h e  b e s t - f i t  parameters and t h e  
r e s u l t s  f o r  a 1 m s  contact  t i m e ;  e.g. f o r  a l i g n i t e ,  t h e  
apparent percentage of  aromatic carbon was 70 f 3% f o r  t h e  
curve-£ i t t i n g  experiment, bu t  75% f o r  a s ing l e  measurement 
with a contact  t i m e  of 1 m s .  W e  have avoided f u l l  cu rve - f i t t i ng  
experiments, because of  t h e  instrument t i m e  involved. W e  
accept t he  p o s s i b i l i t y  of a b i a s  i n  r e l a t i v e  s igna l  a reas  
r e su l t i ng  from t h e  f a c t  t h a t  t he  1 m s  contact  t i m e  i s  n e i t h e r  
much longer than t h e  cross-polar isa t ion t i m e  constant ,  nor  much 
shor te r  than T ( H ) .  LP 
Each 15 m s  of  d a t a  acquis i t ion  w a s  followed by a delay of  0.1 S 
( l i g n i t e s  and subbituminous c o a l s ) ,  0.2-0.9 S (bituminous c o a l s ) ,  
o r  0..4 S (semianthraci te)  . Measurements of  t he  proton spin- 
la t t ice  re laxa t ion  t i m e  constant  showed t h a t  these  delays w e r e  
11 adequate f o r  recovery of  t h e  proton magnetisation . Delays 
less than 0.9 S w e r e  used f o r  bituminous coa l s  only when 
re laxat ion experiments showed t h a t  these  w e r e  acceptable.  
Proton magnetisation recovery i s  slowest f o r  coals  i n  t h i s  rank; 
16 a s imi la r  observation has been repor ted by Yokono and Sanada . 
Transients  from 5000 cross-polar isa t ion sequences w e r e  averaged, 
except f o r  experiments intended f o r  reso lu t ion  enhancement - 
i n  which case up t o  7 x 104 t r a n s i e n t s  w e r e  averaged. A 
spec t r a l  width o f  40 kHz was used, i n  o rder  t o  provide adequate 
basel ine  on e i t h e r  s i d e  of  t h e  spectrum during adjustment of 
t h e  phase con t ro l s .  The t r ansmi t t e r  was placed c lose  t o  t h e  
cen t re  of  t he  coa l  spectrum ( 6 - 1 0 0 )  and quadrature de tec t ion  
was used. Free induction decays w e r e  zero f i l l e d  t o  a t  least 
4K be£ ore  Fourier  transformation. ~esolut ion-enhanced s p e c t r a  
17 
w e r e  produced by Lorentzian-to-Gaussian transformation , 
involving an exponential ly increas ing function ( t i m e  constant  
1 m s )  and a Gaussian apodisat ion function (time constant  2ms). 
A l l  o ther  spec t ra  were broadened by appl ica t ion of a s e n s i t i v i t y  
enhancement function,  cons i s t ing  of t h e  product of an 
exponential decay curve ( t i m e  constant  20 m s )  and a Gaussian 
curve (time constant  1 0  m s )  . These combinations of  t i m e  
constants were chosen a f t e r  t r ia l -and-error  t e s t i n g .  
Chemical s h i f t s  were adjus ted t o  a scale based on ex t e rna l  
l te t ramethyls i lane ,  with hexamethylbenzene used a s  a secondary 
reference. A l i t e r a t u r e  value of  . 6  (methyl) = 17.4 :was used 
18 f o r  t h i s  purpose . 
Sample d e t a i l s  are shown i n  Table 1, and sample loca t ions  
l 
a r e  shown i n  Fig. 2.  - 
3 SIGNAL ASSIGNMENTS 
1 3.1 Resolution Enhancement 
F igs  3-6 show resolution-enhanced spec t r a  of samples s e l e c t e d  
t o  i l l u s t r a t e  p a r t i c u l a r  s p e c t r a l  d e t a i l s .  The resolut ion-  
enhancement process does no t  conserve r e l a t i v e  s i g n a l  areas ,  
s o  it cannot be used f o r  q u a n t i t a t i v e  NMR; but t h e  improved 
separa t ion of overlapping s igna l s  can a s s i s t  assignments. 
Resolution enhancement has been used i n  o t h e r  published 13c 
CP/MAS NMR s tud ie s  of coal  ,l0 , but  t h e  r e s u l t s  have shown 
less d e t a i l  than can be seen i n  Figs 3-6. This d e t a i l  could 
be a c h a r a c t e r i s t i c  of  t h e  s e l ec t ed  samples, r a t h e r  than t h e  
p a r t i c u l a r  reso lu t ion  enhancement technique used by us. 
Hatcher e t  a l .  have shown t h a t  t h e  amount o f  resolvable  d e t a i l  
--
can vary from one sample t o  another ,  even when no r e so lu t ion  
20 enhancement is  used . 
3.2 Spinning sidebands 
The s igna l  assignments a r e  complicated by t h e  presence of 
"spinning sidebands", marked "SSB" i n  Figs 3-6. These e x t r a  
s igna l s  a r e  produced by modulation of  t h e  magnetic sh ie ld ing  of  
13c nuc le i  during sample ro t a t i on .  
Spinning sidebands can be recognised by t h e  regu la r  spacing a t  
i n t e r v a l s  of t h e  s p i n n i n g f r e q u e n c ~ ~ o n  e i t h e r  s i d e  of t he  
centreband. In  t h i s  case,  t h e  spinning frequency corresponds 
t o  a spacing of  50 ppm on t h e  chemical s h i f t  sca le .  The 
spinning frequency of 2.5 kHz was chosen a s  t h e  maximum t h a t  
could be maintained on a rou t ine  bas i s .  Slower spinning speeds 
would have resu l ted  i n  more crowded spec t ra ,  
The e f f e c t s  of spinning sidebands a r e  most no t iceab le  f o r  13c 
i n  aromatic s t ruc tu re s ,  s i n c e  the  13c nuc le i  are more shie lded 
by about 100-200 ppm ( p a r t s  per  mi l l ion)  when t h e  magnetic 
f i e l d  is perpendicular t o  t h e  plane of  t h e  r i ng ,  compared w i t h  
o r i en t a t i ons  i n  which t h e  magnetic f i e l d  is p a r a l l e l  t o  t h e  
21 
r i n g  . Chemical s h i f t  an i so t rop ies  a r e  smaller by about an 
order  of magnitude for tetrahedrally-bonded carbon, e.g. i n  
methyl, methoxyl o r  a l coho l i c  funct ional  groups21. Spinning 
sidebands from such groups are too small t o  be seen i n  t h e  coa l  
spec t r a  shown here, 
3.3 Coal i f ied  wood 
Fig.3 shows the  13c NMR spectrum o f  a sample taken from a 
c o a l i f i e d  log. This log w a s  one of many embedded i n  the face  
of the  Newvale opencast l i g n i t e  mine at Waimumu. Hatcher et al .  
--
have published spec t ra  of c o a l i f i e d  logs alongside spec t r a  o f  
20 l i gn in ,  point ing out  t he  similaritie& , The s i g n a l s  of Fig. 3 
can be assigned by comparison with Nimz's assignments f o r  
l ignin22;  6 = l13  (CH groups a t  aromatic r i n g  pos i t ions  
adjacent  t o  oxygen) , B = 130 (other  aromatic carbon, whether 
subs t i t u t ed  o r  n o t ) .  The chemical-shift  compilation of  
Snape e t  a l .  23 shows t h a t  a s i g n a l  c lose  t o  6 = 153 would be 
--
expected f o r  phenolic C-0 groups i n  s t r u c t u r e s  containing only  
one oxygen per benzene r ing .  No s i g n i f i c a n t  s i g n a l  appears 
a t  t h i s  posi t ion i n  Fig.3, and t h i s  observation i s  cons i s ten t  
with t h e  low abundance of  such subs t i t u t i on  p a t t e r n s  i n  l ign in .  
Subs t i tu t ion  by a second oxygen a t  an adjacent  r i n g  pos i t ion  
moves the  phenolic C-0 signal severa l  ppm t o  low 6 ;  e -g .  
t h e  3-methoxy-4-hydroxyphenyl group (abundant i n  softwood 
22 l i gn ins )  provides s igna l s  a t  B = 148.5 (C-3)  , 6 = 147 (C-4) . 
Ether i f i ca t ion  a t  C-4 moves t h i s  s i g n a l  t o  d = 150.4, without 
s i g n i f i c a n t  e f f e c t  on the C-3 Carbon s u b s t i t u t i o n  
a t  C-5 o r  C-6 can move the  C-0 s igna l s  t o  a f e w  ppm e i t h e r  s i d e  
of  the  chemical s h i f t s  f o r  t h e  bas ic  bui ld ing u n i t s  o f  t h e  
polymer, The s igna l  a t  B = 147 i s  cons i s ten t  wi th  s t r u c t u r e s  
based on the  3-methoxy-4-hydroxyphenyl group, 
Hardwood l ign ins  contain a preponderance of s t r u c t u r e s  based on 
3,5-dimethoxy-4-hydroxyphenyl groups. The C-3 and C-5 s igna l s  
appear a t  6 = 148.5, while t he  C-4 s i gna l  is s h i f t e d  t o  6 = 136 
22 ppm by t h e  presence of  oxygen a t  both adjacent  r i n g  pos i t i ons  . 
Ethe r i f i ca t i on  of  C-4 moves the  C-3 and C-5 s i g n a l s  to 6 = 154.5, 
and the  C-4 s i g n a l  t o  6 = 138.5. Fig.3 shows no s i g n a l s  i n  
t he  regions 6 = 149-155 o r  6 = 136-139, and it is the re fo re  no t  
cons i s ten t  w i t h  a hardwood l i gn in  s t ruc tu re .  
Signals  a t  6 = 63, 74 and 106 a re  assigned t o  ce l lu lo se .  Similar  
s igna l s  have been repor ted f o r  13c CP/MAS NMR spec t r a  of coal- 
i f  i ed  wood from polandZ0 , Germany2' and ~ u s t r a l i a *  4. Hatcher 
e t  a l .  have shown t h a t  t h e  s t reng ths  of c e l l u l o s e  signals w e r e  
7 -  
cons i s ten t  with t h e  r e s u l t s  of w e t  chemical ana lys i s  f o r  
20 
ce l lu lo se  . 
s igna l s  i n  t h e  region 6 = 10-41 a r e  assigned t o  r e s i n  acids, 
20 following t h e  assignment of Hatcher e t  a l .  . 
--
3.4 L ign i te  
Fig.4 shows t h e  spectrum of  a  sanple of homogeneous dark l i g n i t e  
taken from t h e  v i c i n i t y  o f  t h e  c o a l i f i e d  l o g  discussed above. 
The dominant f e a t u r e  is a  s igna l  at 6 = 32, assigned t o  methylene 
groups. This is c lo se  t o  t h e  value of  6 = 35 reported2' f o r  
t he  p lymethylene chains i n  c r y s t a l l i n e  n-C20H42. A s igna l  at 
6 = 15.5 is  assigned t o  methyl groups on s a t u r a t e d  hydrocarbon 
s t ruc tu re s .  
Signals  i n  t h e  aromatic region a r e  s i m i l a r  t o  those observed 
f o r  the  c o a l i f i e d  log, except  f o r  a s igna l  a t  6 = 154. This 
i s  not cons i s ten t  with a l ign in- l ike  s t ruc tu re .  The chemical 
s h i f t  is  c lose  t o  t h a t  expected f o r  C-3 and C-5 of e t h e r i f i e d  
hardwood l i g n i n  u n i t s ,  b u t  t h i s  p o s s i b i l i t y  can be e l iminated 
because of  t h e  lack of  a corresponding C-4 s i g n a l  a t  6 = 139. 
The s igna l  a t  B = 154 could be explained by phenols with only 
one oxygen per  ring23, o r  by s t ruc tu re s  with two oxygen. per  
r ing  i f  these  a r e  i n  pos i t i ons  meta t o  each o ther .  I n  t h e  l a t t e r  
case,  t h e  second oxygen has l i t t l e  e f f e c t  on t h e  chemical s h i f t  
of the  f i r s t  phenolic funct ional  group. Tznnins provide 
one example of natural ly-occurring phenolics with t h r e e  oxygen 
atoms placed a t  mutually meta pos i t ions  around a r ing .  The 
A-ring C-0 s igna l s  form a band centred on 6 - 1 5 5 ~ ~ .  The 
amino acid  ty ros ine  provides an example o fana tu ra l ly -occu r r ing  
phenolic compound with only one oxygen per  benzene r i n g ,  
27 
contr ibut ing a s igna l  a t  6 = 157 i n  t h e  13c NMR spectrum . 
The s igna l  a t  6 = 153 can be seen i n  t h e  spectrum o f  Morton 
Mains l i g n i t e  a l s o  (Fig.5). Again, it is o f  s i m i l a r  i n t e n s i t y  
to the  s igna l  a t  6 = 147. This  sample was s e l ec t ed  as an 
example of a l i g n i t e  so r i c h  i n  phenolic s t r u c t u r e s  t h a t  t h e  
s igna l s  a t  6 = 147-153 dominate t h e  aromatic region, while 
t he  corresponding methoxyl s i g n a l  a t  6 = 56 is the  t a l l es t  
peak i n  t h e  spectrum. 
- 
The observation of  a d i f fe rence  i n  phenolic s t r u c t u r e s  between 
the  woody and non-woody components o f  South I s land  l i g n i t e  is 
consis tent  with published 13c CP/MAS NMR spec t ra  o f  Austra l ian  
(Yallourn) brown coal.  Yoshida e t  w e r e  unable t o  reso lve  
-- 
a shoulder a t  6 - 158 from t h e  main phenolic peak a t  6 = 150; 
but  Wilson e t  s e l ec t ed  t h e  x y l i t e  (i.e. woody) component 
-- 
from t h i s  coal ,  and published a spectrum which shows no s ign  
of t he  shoulder. Neither  of these  two groups of authors used 
resolut ion enhancement, which w e  found necessary f o r  separa t ion  
of t he  two phenolic s igna l s  i n  t h e  spectrum of t h e  Morton Mains 
l i g n i t e .  
3 . 5  Subbituminous coal  
Fig.6 shows a spectrum of a subbituminous coal.  S ignals  a t  
6 = 110-120 a re  assigned t o  CH groups adjacent  t o  phenolic  
groups (as for l i g n i t e s )  . A s  c o a l i f i c a t i o n  proceeds, t he se  
s igna l s  a r e  l o s t  along with t h e  phenolic s igna l s  i n  t h e  
region 8 = 145-155. The r e s u l t  is an apparent sharpening of  
t h e  aromatic s i g n a l  a t  6 = 129. 
The phenolic s i g n a l  a t  8 = 155 i s  c lo se  t o  t he  pos i t ion  of t h e  
corresponding l i g n i t e  s i g n a l ,  bu t  t h e  s igna l  a t  6 = 147 has 
been replaced by a weaker s i g n a l  a t  6 = 1 4 4 .  This is s h i f t e d  a 
l i t t l e  too f a r  t o  low 6 f o r  l ign in- l ike  s t r u c t u r e s ,  and t h e r e  i s  
no evidence of  a lignin-derived methoxyl s igna l  a t  6 = 56. 
The s igna l  a t  8 = 144  could be t h e  r e s u l t  of a lky l  s u b s t i t u t i o n  
of aromatic r ings ;  Snape -- e t  a l .  have pointed ou t  t h a t  t h e  
spec t ra  o f  a l k y l  benzene model compounds include s i g n a l s  i n  
t h e  range 6 = 142-149, corresponding t o  s u b s t i t u t e d  aromatic 
carbon23. The presence of  phenolic groups, a s  i n  l i g n i n  o r  
22 lower-rank coa l s ,  r e s u l t s  i n  a s h i f t  of s eve ra l  ppm t o  low 6 . 
The assignment of  t he  s i g n a l  a t  6 = 1 4 4  t o  a l k y l  s u b s t i t u t i o n  
pos i t ions  would there fore  be reasonable only  i n  coa l s  with a 
low abundance of  phenolic func t iona l  groups. 
4 GENERAL TRENDS 
4 . 1  Routine spec t r a  
- 
A l i m i t  of 5000 t r a n s i e n t s  w a s  a r b i t r a r i l y  chosen f o r  rou t ine  
cha rac t e r i s a t i on  of  coa l  by 13c CP/MAS NMR. A c o l l e c t i o n  of 
31 such spectra appears i n  the appendix t o  t h i s  repor t .  The 
l imi ted number of t r a n s i e n t s  is adequate f o r  a d i sp lay  of  general  
t rends ,  bu t  i s  general ly  i n s u f f i c i e n t  f o r  reso lu t ion  enhance- 
ment. Any improvements i n  r e so lu t ion  can only be achieved a t  
t h e  expense of  signal-to-noise r a t i o .  
The standard t o t a l  of 5000 t r anszen t s  meant t h a t  each of  t h e  
spec t ra  o f  l i g n i t e s  and subbituminous coals  required only 
10 minutes of  d a t a  accumulation. The rap id  sample-changing 
capab i l i t y  of t h e  Varian XL-200 obvia tes  any need t o  remove t h e  
probe from t h e  magnet i n  between experiments. It i s  the re fo re  
poss ible  t o  produce rou t ine  s p e c t r a  of  low-rank coa l s  a t  a rate 
of  severa l  samples per  hour. 
Bituminous coa l s  required longer pu lse  delays f o r  recovery of  
t h e  proton magnetisation (see Section 2 ) ,  so  each spectrum 
required up t o  75 minutes o f  d a t a  accumulation before 5000 
I t r a n s i e n t s  could be completed. The s o l e  example o f  a s e m i -  
l 
an th rac i t e  required 35 minutes of da t a  averaging. 
/ 4.2 Ligni tes  (Al-A13) 
i The most obvious di f ference  between t h e  various l i g n i t e  s p e c t r a  
is  the  va r i ab l e  contr ibut ion from t h e  methylene s igna l .  This  
I is a minor c o n t r i b i t i o n  i n  t h e  case  of  t h e  Morton Mains l i g n i t e  
(Spectrum Al) . The s igna l  is  t h e  t a l l e s t  i n  t h e  s p e c t r a  o f  
Ashers Waituna, Mataura and Waimumu l i g n i t e s  (Spectra  A2-A7) 
and it dominates t h e  s p e c t r a  of  a l l  of t h e  Otago l i g n i t e  
samples (Spectra A8-A13). 
Pugmire e t  a l .  29 have pointed o u t  t h a t  maceral composition 
--
must be considered when i n t e r p r e t i n g  13c NMR s p e c t r a  o f  coal.  
. These authors have i s o l a t e d  maceral groups from two high- 
v o l a t i l e  bituminous coals29,  and maceral-rich concentra tes  from 
s i x  o the r  coals30. They found t h a t  t he  methylene s i g n a l  
dominated spec t ra  of a l g i n i t e ;  it w a s  t h e  t a l l e s t  peak i n  
spec t ra  of spo r in i t e ,  bu t  on ly  a minor peak i n  s p e c t r a  of  
v i t r i n i t e s  and i n e r t i n i t e s .  Roxburgh l i g n i t e s  have a p a r t i c u l a r l y  
l a rge  s p o r i n i t e  component (16-17%) compared with o t h e r  New 
Zealand l i g n i t e ~ ~ ~ ,  but  even t h i s  leve l  of s p o r i n i t e  i s  not  
s u f f i c i e n t  t o  explain t h e  observation t h a t  t h e  s a t u r a t e d  hydro- 
carbon s igna l s  account f o r  almost h a l f  of  t h e  s i g n a l  a r ea  
i n  t he  spec t r a  of Roxburgh l i g n i t e s  (Spectra A8-All). Further- 
more, Z i l m  e t  have pointed ou t  t h a t  t h e  sa tu ra ted-  
-- 
hydrocarbon s igna l  i n  t h e  s p o r i n i t e  spectrum c o n s i s t s  o f  a 
broad band of component s i g n a l s ,  r a t h e r  than a d i s c r e t e  poly- 
methylene s ignal .  Z i l m  e t  a l .  30 found a sharp  polymethylene 
--
s igna l  i n  the  spectrum of a l g i n i t e ,  but  t h i s  maceral is not  
found i n  normal humic coals31. Even i f  t h e  e n t i r e  e x i n i t e /  
l i p t i n i t e  group of  macerals i s  considered, t h e  range o f  
abundances i n  New Zealand l i g n i t e ~ ~ ~  (4-20%) is  too  s m a l l  t o  
explain t h e  sa tura ted  hydrocarbon content.  It t h e r e f o r e  appears 
t h a t  t he  sa tu ra ted  hydrocarbon s t ruc tu re s  must be d i s t r i b u t e d  
among o the r  macerals, i.e. those  i n  t he  v i t r i n i t e /humin i t e  and 
i n e r t i n i t e  groups. 
The l i g n i t e  spec t r a  a l s o  d i f f e r  i n  t h e  r e l a t i v e  importance of  
the  phenolic s igna l  amongst t h e  aromatic band. The phenolic  
33 hydroxyl content tends t o  decrease a s  c o a l i f i c a t i o n  proceeds . 
13c NMR could provide a p a r t i c u l a r l y  useful  method f o r  s tudying 
such t rends ,  s ince  it i s  f a s t e r  than the  ace ty l a t i on  procedure 
(employing 14c-labelled acetic anhydride) o r i g i n a l l y  used t o  
34 e s t ab l i sh  t he  co r r e l a t i on  between phenolic hydroxyls and rank . 
There is  a l so  some doubt about t h e  a c c e s s i b i l i t y  o f  ace ty l a t i on  
reagents t o  reac t ive  sites,  s ince  exposure o f  coa l s  t o  t h e  
vapours of po la r  solvents  can s w e l l  the  microporous s t r u c t u r e ,  
35 thus  exposing more phenolic hydroxyl groups f o r  determination . 
The NMR r e s u l t s  (Spectra A 1 - A l l )  suggest  t h e  following o rde r  o f  
increas ing  coa l i f i ca t i on ;  Morton Mains < c  Ashers Waituna < 
Mataura -, Waimumu - Hawkdun < Home H i l l s  - Roxburgh. 
Spectra A4 and A5 provide an opportunity t o  compare samples from 
d i f f e r e n t  seams i n  t h e  same mine; i n  t h i s  case, seams 5 and 
6 of t h e  Goodwin mine. N o  s i g n i f i c a n t  d i f fe rences  can be 
seen. 
Spectra A6 and A7 correspond t o  run-of-mine samples, both taken 
from t h e  same (Newvale) mine, bu t  on d i f f e r e n t  dates .  I n  t h i s  
case, a small d i f ference  can be seen; t h e  e a r l i e r  sample 
(Spectrum A6) contains a t r a c e  of c e l l u l o s e ,  con t r ibu t ing  s i g n a l s  
a t  S = 75 and 106. 
4.3 Subbituminous coals  (A14-A24) 
The subbituminous coals  show v a r i a t i o n s  i n  t h e  contr ibut ion 
from polymethylene carbon, although t h e  range of va r i a t i on  is 
not  a s  wide as f o r  t h e  l i g n i t e s .  The Mokau sample (Spectrum 
-. A14)  shows a p a r t i c u l a r l y  s t rong ,  sharp  polymethylene s i g n a l  
a t  6 = 30, superimposed on a broader band of s a tu ra t ed  
hydrocarbon s igna l s .  The Ohai sample (Spectrum A211 , a t  the 
o the r  extreme, shows a r e l a t i v e l y  broad band of s a tu ra t ed  
hydrocarbon s igna l s .  
There a r e  d i f fe rences  i n  t h e  con t r ibu t ion  from phenolic carbon 
a l so ;  e.g. t h e  phenolic s i g n a l  a t  S 153 is s l i g h t l y  more 
prominent i n  t h e  Huntly East  and Kopuku spec t r a ,  compared w i t h  I 
spec t ra  o f  t h e  o t h e r  t h r ee  Waikato samples (Huntly W e s t ,  Weavers 
and Ohinewai). The phenolic s i g n a l  i s  weak i n  t he  spec t r a  
of  South I s land  subbituminous coa l s  (Spectra ~21-A241 compared 
with North I s land  subbituminous coa l s  (Spectra  A14-A20) . 
High-volatile bituminous coa l s  (A25-A30 ) 
The most obvious var ia t ion  within t h i s  group is t h e  sharpening 
of  t h e  aromatic s igna l  a s  t h e  phenolic  s i g n a l s  disappear.  A 
sequence of increas ing c o a l i f i c a t i o n ,  based on the  r e l a t i v e  
heights  o f  s igna l s  a t  S = 130 and 153, is; ~ o p l i n e  - Muiken < 
I s land  Block - Strongman c Charming Creek << Webb. This t r e n d  
does not follow values f o r  t h e  s p e c i f i c  energy of each coal ,  
i . e .  33.2, 30,9, 32.9, 33.4, 33.8 and 35.1 kJ/kg (daf)  f o r  t h e  
s i x  samples i n  t h e  order  given above. The t rend  i n  phenolic 
carbon does not  follow t h e  values f o r  percent v o l a t i l e  matter  
e i t h e r .  These values w e r e  found t o  be 42.4, 44.5, 42.7, 43.0, 
44.6 and 36,4% v o l a t i l e  matter (daf)  . The NMR r e s u l t s  there fore  
provide a measure of  coa l i f i ca t ion  which is independent of  t h e  
two parameters ( spec i f i c  energy, percent  v o l a t i l e  matter) 
chosen by t h e  ASTM as ind ica to r s  o f  "rank". 
The polymethylene s igna l  is p a r t i c u l a r l y  weak i n  t h e  spectrum 
of  Webb coal  (Spectrum A30). Spectra run with var iab le  spinning 
frequencies have confirmed t h a t  the peak l abe l l ed  "methylene + 
SSB" cons i s t s  of a polymethylene s i g n a l  of  s imi l a r  i n t e n s i t y  
t o  t h e  methyl s i g n a l  a t  6 = 21  plus  a minor cont r ibu t ion  from a 
second-order spinning sideband. 
4.5 Semianthracite (A31) 
Spectrum A31 shows the  phenolic s i g n a l  e n t i r e l y  absent  i n  t h e  
case of a semianthracite.  Small methylene and methyl peaks 
p e r s i s t ,  but  t h e  spectrum is dominated by t h e  aromatic centre-  
band and spinning sidebands ou t  t o  t h i r d  order.  
5 AROMATICITY 
5.1 Measurement of  aromatici tv 
Coal i f ica t ion has been described a s  "a process i n  which t h e  
degree of  condensation and aromat ic i ty  of t he  s t a r t i n g  mater ia l  
increase continuously" 35. H i s to r i ca l ly ,  t h e  most common type of  
information provided by 13c CP/MAS NMR has been t h e  aromat ic i ty ,  
2 fa ,  defined a s  ; 
f a  = (C i n  aromatic r i n g s ) / ( t o t a l  C) [ l ]  
W e  follow Miknis e t  -- i n  using t h e  symbol f a  f o r  our  
est imates of aromatici ty , s ince  t h e  apparent values of f a  
measured d i r e c t l y  by in tegra t ion  of  NMR spec t r a  must i nev i t ab ly  
include systematic e r r o r s ,  as a r e s u l t  of overlapping s igna l s  
and spinning sidebands. 
The simplest  approach is t o  draw a v e r t i c a l  l i n e  i n  the spectrum 
a t  t he  pos i t ion  o f  t h e  minimum between t h e  "aromatic" and 
"a l ipha t i c "  resonance regions,  and t o  count i n t e n s i t y  t o  t h e  
l e f t  of  t h a t  boundary a s  aromatic and t o  t h e  r i g h t  as a l i p h a t i c .  
Miknis -- e t  chose 6 = 85 as t h e  boundary; w e  p r e f e r  
6 = 65, so  a s  t o  include t h e  f i r s t -o rde r  spinning sideband i n  
with t h e  o t h e r  aromatic s igna l s .  This simple approach f a i l s  t o  
account f o r  t h e  poss ib le  con t r ibu t ion  from o l e f i n i c  carbon, 
ind i s t ingu ishab le  from aromatic carbon i n  t h e  13c NMR spectrum. 
It is a l s o  d i f f i c u l t  t o  reso lve  carbonyl, carboxylic  and quinone 
s igna l s  from t h e  high-8 s i d e  o f  t h e  aromatic band, p a r t i c u l a r l y  
i f  ( a s  i n  t h e  p resen t  case)  t h i s  region contains spinning s ide-  
bands from t h e  aromatic s igna l .  The so-called " a l i p h a t i c "  
region a l s o  includes  a l i c y c l i c  s t r u c t u r e s ,  and methoxyl groups 
on aromatic r ings .  The parameter f; is the re fo re  more c o r r e c t l y  
described a s  : 
2 
f  - (sp  -hybridised ca rbon) / ( t o t a l  carbon).  
The presence of  spinning sidebands adds t o  t h e  problems of  
C 
measuring fa.  Spinning sidebands can be reduced t o  n e g l i g i b l e  
l e v e l s  i f  t h e  sample is spun s u f f i c i e n t l y  f a s t .  Miknis e t  a l .  36 
--
recommend a spinning frequency of 2.5 kHz f o r  a  magnetic f i e l d  
of 1 . 4  T ,  and propor t ionate ly  h igher  speeds f o r  h igher  f i e l d s .  
This would mean a minimum spinning requency of 8.4 kHz f o r  t h e  
Varian XL-200 spectrometer,  a  frequency which is n o t  y e t  
a t t a inab le  f o r  commercial equipment. Sideband-free NMR s p e c t r a  
of coal  can be constructed by use o f  t h e  appropr ia te  pulse  
sequences, such a s  PASS 7v37;  but  these  sequences a r e  dependent 
- 
on minimal sp in  re laxa t ion  over periods of  a  mil l isecond o r  so ,  
while refocussing pulses are applied.  W e  have found t h a t  t h e  
r e l a t i v e  a rea  o f  t h e  niethylene s i g n a l  ( i n  p a r t i c u l a r )  tends  t o  
diminish a f t e r  a  spin-refocussing pulse sequence, s o  w e  have 
avoided t h e  use o f  PASS i n  aromat ic i ty  determinations . 
Furimsky e t  a l .  
--
38'39 and Cyr e t  a l .  40 used spinning speeds o f  
--
3.4-3.5 kHz and a magnetic f i e l d  of  4.2 T i n  t h e i r  s t u d i e s  o f  
Canadian coals .  T h i s  combination reduced t h e  spinning sideband 
i n t e n s i t i e s  below t h e  l e v e l s  seen i n  our Spectra A1-A31, b u t  
it had the  unfortunate e f f e c t  of  p lacing t h e  f i r s t - o r d e r  low-6 
sideband i n  t h e  region assigned t o  "a l i pha t i cn  carbon. W e  
s u g g e s t - t h a t  if a t t a i n a b l e  spinning frequencies a r e  no t  s u f f i c i e n t  
t o  place t he  f i r s t -o rde r  sideband on t h e  low-6 (o r  negative-6) 
s i d e  of  t h e  spectrum, then t h e  sp inner  should be d e l i b e r a t e l y  
slowed down t o  place the  f i r s t - o r d e r  sideband a t  a pos i t i on  
c l e a r l y  resolved from t h e  sp3-hybridised carbon band, on t h e  
high-6 (left-hand s i d e )  o f  t h a t  band. Our reasoning is as 
follows; Herzfeld and ~ e r g e r l l  have shown how spinning-sideband 
i n t e n s i t i e s  can be ca lcu la ted  from t h e  pr inc ipa l  values o f  a 
chemical-shift tensor.  The l o g i c  can be inver ted  t o  ob ta in  a 
chemical-shift t ensor  from r a t i o s  o f  sideband i n t e n s i t i e s  . W e  
have taken t h e  spectrum of semianthraci te  (Spectrum 31) as-  
an example of  a clearly-resolved sideband pa t te rn .  The r e l a t i v e  
i n t e n s i t i e s  of t h e  f i r s t - o r d e r  sidebands and t h e  high-6 second- 
o rder  sideband provide p r i n c i p a l  values of  611 = 254,  622 = 9 8  
and 633 = 28 f o r  t he  e f f e c t i v e  chemical s h i f t  tensor;  t h i s  is 
no t  a t r u e  t ensor ,  because t h e  spectrum contains con t r ibu t ions  
from a range of chemical s t r u c t u r e s  with d i f f e r e n t  t ensors .  
The e f f e c t i v e  t ensor  values allow us  t o  est imate t h e  i n t e n s i t y  
of sidebands which were n o t  ex t r ac t ed  from the  s igna l  a r ea  
of  t h e  saturated-hydrocarbon s igna l .  I n  t h e  case of t h e  semi- 
an thrac i te ,  t h e  low-6 second and th i rd-order  sidebands account 
f o r  11% of  the  aromatic s i g n a l ,  so t h e  corrected aromat ic i ty  
C 
is fa = 0.92. I f  the  sample w a s  spun a t  3kH2, the  low-6 f i r s t -  
order sideband would merge with t h e  saturated-hydrocarbon s i g n a l ,  
and t h e  systematic e r r o r  would be even higher; about 23% of 
t h e  aromatic s igna l  would be ignored i n  t he  s impl i f i ed  method 
C 
of est imating fa.  This sys temat ic  e r r o r  diminishes as higher  
spinner frequencies a r e  used (Fig. 9 1 , but t h e  sys temat ic  e r r o r  
does not  drop back down t o  11% u n t i l  a spinning frequency of 
5 kHz is reached. 
0 
Some authors have attempted t o  c o r r e c t  est imates of f a  f o r  
spinning sideband i n t e n s i t i e s .  W e  have chosen t o  ignore  these  
correct ions  u n t i l  a r e l i a b l e  procedure is  es tabl ished.  The 
chemical s h i f t  " tensor"  values f o r  semianthraci te  a r e  no t  
necessar i ly  appropriate f o r  t h e  lower-rank coa l s ,  so  ( f o r  
0 
consistency) a l l  values of  fa i n  Table 2 a r e  uncorrected. 
5.2 Trends i n  aromat ic i ty  values 
The mean aromat ic i ty  f o r  New Zealand bituminous coa ls  was 
# 
found t o  be fa  = 0.65, indis t inguishable  from t h e  mean value 
C 
of f a  = 0.66 f o r  New Zealand subbituminous coa ls  - o r  even 
a 
t h e  mean value o f  f a  = 0.63 f o r  Southland l i g n i t e s .  Furimsky 
e t  have pointed ou t  t h a t  CP/MAS NMR r e s u l t s  are a f fec ted  
-- 
only by t h e  organic por t ion of t h e  coal ,  while t h e  ASTM ranking 
is based on heat ing value of  t h e  moist mineral-matter f r e e  
coal .  Two coa ls  may be s t r u c t u r a l l y  s i m i l a r  when compared on 
a dry bas i s ,  even if they have d i f f e r e n t  hea t ing  values when 
moist. Aromaticity i s  there fore  more d i r e c t l y  r e l a t e d  t o  coa l  
s t ruc tu re  than t o  rank. 
Several authors have t r i e d  t o  c o r r e l a t e  aromat ic i ty  with t h e  
ex ten t  of  c o a l i f i c a t i o n ,  as evidenced (e.g.) by p l o t s  of  
aromatici ty aga ins t  weight-% carbon content 1,10,36,42-44 . 
Early p l o t s  d id  show some co r re l a t ion  f o r  United S t a t e s  
coals  36 44 , but  Retcof sky found discrepancies when aromatici ty 
values f o r  t h r e e  Chinese coa ls  were p lo t t ed  on t h e  same 
- 
3 9 graph10. More recen t  CP/MAS NMR s tud ies  of  coa ls  from Canada , 
~ u s t r a l i a ~ ~  and ~ n d o n e s i a ~ ~  have produced co r re l a t ions  which 
d i f f e r  s i g n i f i c a n t l y  from t h e  b e s t - f i t  curve f o r  United S t a t e s  
coals.  The four  b e s t - f i t  curves a r e  shown i n  Fig. 8. The 
s t r a i g h t  l i n e  shown f o r  Canadian coals  was obtained by l i n e a r  
least-squares ana lys i s  of d a t a  published i n  Ref.39; t h e  
remaining curves were taken d i r e c t l y  from Refs. 36, 42 and 43. 
Our data  f o r  New Zealand coa ls  show a considerable s c a t t e r ,  
s t raddl ing  a l l  of  the published b e s t - f i t  curves (Fig.8).  
Since aromatic s t r u c t u r e s  tend t o  have l e s s  hydrogen than 
saturated-hydrocarbon s t ruc tu re s ,  one might expect t h e  
aromatici ty t o  drop a s  t h e  H/C r a t i o  r i s e s .  Again t h e  New 
Zealand coals  show a considerable s c a t t e r  around a weak 
I cor re la t ion  (Fig. 9 ) . Similar  weak corxe la t  ions between 
I 39 aromatici ty and H/C have been reported f o r  coa ls  from Canada , 4 3  ~ u s t r a l i a ~ ~  and Indonesia . 
Furimsky e t  a l .  have demonstrated a co r r e l a t ion  between 
--
39 
aromatici ty and t h e  weight-% oxygen content  of Canadian coals  . 
Our r e s u l t s  show a considerable s c a t t e r  about the published 
best-f it curve (Fig. 1 0 )  . 
Painter e t  -- a l .  have suggested mult ipl icat ion of t h e  weight-% 
carbon content by the  aromatici ty,  t o  obtain the weight-% 
6 
aromatic carbon content of a sample of coal  . They found a 
good correla t ion between t h i s  parameter and the fixed-carbon 
content f o r  a col lect ion of United Sta tes  coals and 
concentrated maceral f rac t ions ,  W e  have likewise found a 
good correla t ion fo r  New Zealand coals (Fig. 11). Linear l e a s t -  
squares analysis  yields: 
(% aromatic carbon, d.a.f.) = 8.9 + 0.745 (% f ixed r21 
carbon, d.a.f .) ,  
1 with R = 0.969 f o r  22 coals. W i l e  t h i s  cor re la t ion  is f a r  
more convincing than cor re la t ions  against  weight-% carbon o r  
weight-% oxygen, it does not  make aromaticity measurements 
I 
redundant. Aromaticities predicted from Eq.[2] sometimes d i f f e r  
s igni f icant ly  from the  experimental values; e.g. Eq. 121 
predicts  f i  .= 0.73 f o r  Ohai coal ,  compared with an experimental 
l 
value of 0.65. The difference is-.several times l a rge r  than 
the  experimental uncertainty. 
6 CONCLUSION 
W e  have shown t h a t  it is possible t o  measure coal  aromatic i t ies  
I a t  a r a t e  of several  samples per hour f o r  subbituminous coals  
and l ign i t e s ,  with a slower sample throughput f o r  coals  of 
higher rank. W e  have a l so  shown t h a t  such measurements of 
aromaticity do not simply dupl icate  r e s u l t s  t h a t  could be 
obtained by coal  petrography o r  ultimate analysis.  
Routine 13c CP/MAS NMR spectra  of coal  a l so  show d e t a i l s  of 
chemical funct ional i ty  beyond a simple division i n t o  aromatic 
and nonaromatic carbon, although w e  have not attempted t o  
estimate the content of the  various functional  groups on a 
quant i ta t ive basis .  In  some cases (e.g. methoxyl groups and 
cel lulose)  t h i s  i s  already feas ib le ,  provided a su i t ab le  
baseline is assumed. In other  cases (e.g. phenolic carbon), 
the  in tens i ty  of the  centreband would have t o  be corrected f o r  
i n t e n s i t y  spread i n t o  sidebands. - Estimation of  t h e  carboxylic 
content  may not  provide r e l i a b l e  r e s u l t s ,  unless higher spinning 
frequencies can be a t t a ined ,  because t h e  carboxylic s igna l  
coincides with a spinning sideband o f  t h e  aromatic band. The 
p o s s i b i l i t y  of  using the  ce l lu lose  content  ( i n  l i g n i t e s )  and 
t h e  phenolic content ( in a l l  ranks) as parameters r e l a t e d  t o  
t h e  degree of  c o a l i f i c a t i o n  could provide some incent ive  f o r  
development of  procedures f o r  more d e t a i l e d  funct ional  group 
analys is .  
Resolution-enhancement experiments have shown t h a t  New Zealand 
coa ls  can y i e ld  more f i n e  d e t a i l  than can be seen i n  published 1 13; CPIMAS NMR spec t r a  of  coals  from sources overseas. This 
could lead t o  paleobotanical  uses of NMR - e.g. the  d i s t i n c t i o n  
between hardwood and softwood sources f o r  woody matter ,  based 
on precise  chemical s h i f t  measurements i n  t h e  phenolic region. 
The use of  NMR seems most promising i n  charac te r i sa t ion  of 
l i g n i t e s ,  s ince  these  samples show t h e  most s p e c t r a l  d e t a i l  and 
s ince  samples from d i f f e r e n t  sources can have very d i f fe ren t  
chemical s t r u c t u r e s ,  even i f  they a r e  of  s i m i l a r  rank according 
t o  t h e  ASTM c l a s s i f i c a t i o n  scheme.' 
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TABLE 1. Details of samples used t o  generate t h e  13c CP/MAS 
NMR spec t ra  co l lec ted  i n  t h e  Appendix of t h i s  
report .  CRA code numbers r e f e r  t o  analyses by Coal 
Research Association of New Zealand ( Inc)  ; ROM = 
run of mine, O/C = opencast, U/G = underground, 
46 Rank c l a s s i f i c a t i o n s  w e r e  based on ASTM criteria , 
Number Location CRA codes Sample d e t a i l s  1 
LIGNITES 1 
1 Morton Mains 24/688 CRA d r i l l h o l e ,  
2 Ashers Siding 30/64 7 Face sample, disused O/C 
mine (formerly Ashers 
Waituna) . 
3 Mataura 30/654 Face sample, NZ Paper 
Mills O/C mine, 
4 Waimumu 30/645 Face sample, Goodwin O/C 
mine, Seam 5. 
5 Waimumu 30/.646 - A s  for 4 ,  but  Seam 6.  
6 Waimumu 30/648 ROM, Newale O/C mine, 
May 19  82. 
7 Waimumu 30/655 ROM, Newvale O/C mine, 
O c t  1982. 
8 Roxburgh 2 7/00 3 ROM, Harliwich (MacPherson ' S) 
O/C mine. 
9 Roxburgh 30/651 ROM, Harliwich O/C mine, 
10  Roxburgh Face sample, outcrop 
formerly mined as Crossan's 
P i t .  
11 Roxburgh 24/454 e tc  CRA d r i l l h o l e  2086. 
Composite of CRA 24/454, 
463,481,494,510, 
1 2  Home H i l l s  30/453 ROM, Idaburn O/C mine, 
formerly known as Bate 's  
P i t .  O c t  1982. 
-22- 
TABLE 1 (Cont'd) 
Number Locat ion CRA codes Sample. details . . 
Hawkdun 2 4/6 35 CRA d r i l l h o l e ,  composite 
sample. 
SUBBITUMINOUS COALS 
14 Mokau 30/66 3 Face sample, R, Farnsworth  
(Va l l ey  ~o l l e r i e s )  mine, 
Mahoenui , 19 81. 
15 Kawhia 30/662 3m vertical channel  sample, 
P i r o n g i a  (Okoko Rd) O/C 
mine. 
16 Huntly ' E a s t  30/658 Face sample from mine 
drive, Hunt ly  E a s t  U/G 
mine, 
1 7  Huntly W e s t  30/657 3.5m vert ical  channe l  
( f u l l  s e a m )  from d r i v e  o f  
No.  l i n t a k e ,  Huntly W e s t  
US/G mine. 
18  Weavers 30/661 ROM, Weavers O/C mine, 
Hunt ly ,  1981. 
19 Ohinewai 29/565 CRA d r i l l h o l e  9706, 1982. 
20 Kopuku 30/660 ROM, Kopuku O/C mine, 
Maramarua , 19 82, 
2 1 Ohai 30/458 ROM, Wairakei ,  Morley and 
No. 16 O/C mines, O c t  1982. 
22 B r a z i e r s  30/457 ROM, B r a z i e r s  O/C mine 
( fo rmer ly  known as Night-  
c a p s )  , O c t  19  82, 
2 3  K a i  P o i n t  30/450 ROM, K a i  P o i n t  O/C mine, 
K a i t a n g a t a ,  O c t  1982. 
1 2 4  Wangaloa 30/451 ROM, Wangaloa O/C mine, 
K a i t a n g a t a ,  O c t  1982. 
l 
TABLE 1 ( C o n t  ' d )  
N u m b e r  L o c a t i o n  CRA codes S a m p l e  de ta i l s  
BITUMINOUS COALS 
25 M u l k e n  3 0 / 3 4 1  ROM, M u l k e n  ( B u r k e s  C r e e k )  
U/G m i n e ,  R e e f t o n .  
26 . Island B l o c k  3 0 / 3 4 4  ROM, Island B l o c k  U/G & 
O/C m i n e ,  G a r v e y  C r e e k ,  
R e e f t o n .  
2 7  T o p l i n e  3 0 / 3 4 6  ROM, T o p l i n e  U/G mine, 
- R e e f t o n ,  
2 8 . S t r o n y m a n  30/329 ROM, S t r o n g m a n  U/G mine, 
G r e y m o u t h ,  
29 C h a r m i n g  C r e e k  3 0 / 3 5 2  ROM, C h a r m i n g  C r e e k  mine, 
Seddonville, B u l l e r .  
3 0  Webb . ROM, Webb O/C m i n e ,  
Stockton, B u l l e r .  
-. 
SEMIANTHRACITE 
31  Fox R i v e r  3 3 / 0 6 6  G e o l o g i c a l  s p e c i m e n  f r o m  
outcrop, 
. . 
TABLE 2. Data f o r  t h e  3 1  coal samples  l i s t ed  i n  Tab le  1. 
Values i n  b r a c k e t s  refer t o  r e p r e s e n t a t i v e  v a l u e s  
f o r  o t h e r  samples from t h e  same l o c a l i t y ,  t a k e n  from 
R e f .  47 (Samples 4 and 7) , R e f .  32 ( o t h e r  l i g n i t e s )  , 
Ref. 3 1  (Sample 30) , Ref. 48 ( o t h e r  samples)  . 
l 
Number L o c a l i t y  % C % H % 0 F ixed  f, (by 
(d.a.f.) (d.a.f . )  (d.a.f.) ca rbon  






















B r a z i e r s  
2 3 K a i  P o i n t  70.7 4.8 19.4 (50.1) 0.67 
2 4 Wangaloa 72.6 5.0 16.7 (49.9) 0.66 
I 
25 Mulken (73.5) (5. 3) (14.7) 55.5 0.64 
, 2 6  I s l a n d  Block - - 57.3 0.65 
2 7 Topl ine  - - 57.6 0.66 
28 Strongman (80.8) (5.8) (11.0) 57.0 0.67 
l 29 Charming Creek (79.2 1 (5.5) (7.7) 55.4 0.64 
I 
3 0 Webb (85.4) (5.0) (5.7) 63.6 0.66 
' 3 1  Fox R i v e r  (92.5) (3.9) (3.9) 89.8 0.83 
9 FIGURE CAPTIONS 
Fig. 1 Cross-section of t h e  ro to r / s t a to r  assembly used f o r  
magic-angle spinning on t h e  Varian XL-200 NMR 
spectrometer. Deta i ls  of  t h e  compressed-air supply 
l i n e s  and a i r  j e t s  have been omitted f o r  c l a r i t y .  
Fig. 2 Locations of sources f o r  a l l  samples. 
. . 
Fig. 3 Resolution enhanced NMR spectrum o f  a fragment of 
c o a l i f i e d  log taken from t h e  Newvale opencast 
l i g n i t e  mine at Waimumu; sample co l l ec t ed  by 
R H Newman, August 19 82. 
Fig. 4 Resolution-enhanced NMR spectrum o f  l i g n i t e  taken from 
t h e  v i c i n i t y  of t h e  coa l i f i ed  log used f o r  Fig.3. 
This l i g n i t e  showed no obvious woody tex ture .  Sample 
co l lec ted  by R H Newman, August 1982. 
Fig. S Resolution-enhanced NMR spectrum of  l i g n i t e  from Morton 
Mains; see  en t ry  (1) of Table 1. 
Fig. 6 Resolution-enhanced N K 3  2pectrum o f  subbituminous coal 
from Huntly West; see en t ry  (17) of  Table 1. 
Fig. 7 Systematic e r r o r s  i n  est imating t h e  t o t a l  s igna l  
i n t e n s i t y  for aromatic carbon, r e s u l t i n g  from spinning 
sidebands which cannot be resolved from saturated- 
hydrocarbon s igna ls .  Lower curve ; t h e  f i r s t -o rder  
sideband can be resolved f o r  spinning frequencies up t o  
2.5 kHz. Upper curve; t h e  f i r s t - o r d e r  sideband 
merges with t h e  saturated-hydrocarbon s i g n a l  a t  higher 
spinning frequencies.  
Fig. 8 Aromaticity of  New Zealand coals ,  p l o t t e d  agains t  the 
carbon content  (dry ash f r e e  bas i s )  , Best - f i t  l i n e s  
a r e  shown f o r  da t a  published f o r  coa ls  from United 
S ta t e s  ( s o l i d  l i n e )  , Austra l ia  (dots  only) , Indonesia 
(dashes only) and Canada (dots  and dashes).  
Fig. 9 Aromaticity of New Zealand coals, plotted against the 
atomic hydrogen/carbon r a t i o  (dry ash free bas i s ) ,  
Fig.10 Arornaticity of New Zealand coals, plotted against the 
oxygen content (dry ash f ree  bas i s ) .  
Fig.11 Aromatic carbon content of New Zealand coals, obtained 
by multiplying arornaticity by the  resul ts  of ultimate 
analysis, plotted against fixed carbon (dry ash free 
basis) . The broken l ine  shows resu l t s  for  United 
6 States  coals . 
boric acid 
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L3 Routine C CP/MAS NMR s p e c t r a  f o r  t h e  31 New Zealand coa l s  
l i s t e d  i n  Table 1. Spect ra  have been c o l l a t e d  i n  t h e  
following o rder ;  Southland l i g n i t e s ,  
- - 
Otago l i g n i t e s  , North 
I s l and  subbituminous coa l s ,  South I s l and  subbituminous 
---  
coa l s .  
bituminous coa l s ,  semianthrac i te .  A l l  s p e c t r a  w e r e  obta ined 
with t h e  same experimental condi t ions ,  except  t h a t  de lay  between 
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W L L  
Comparison of Australasian Tertiarv coals based on d. - -  --
resolution-enhanced solid-state 13c nmr s~ectra , 
Roger H. Newman and Sally J. Davenport* 
Chemistry Division, DSIR, Private Bag, Petone, New Zealand 
* 
Chemistry ~epartment, Victoria University of Wellington, 
Private Bag, Wellington, New ~ealaGd 
ABSTRACT 
Carbon-13 s o l i d - s t a t e  nuc lea r  magnetic resonance s p e c t r o -  
scopy w a s  used t o  c h a r a c t e r i s e  32 low-rank c o a l s  from New 
Zealand and A u s t r a l i a .  A combination of  high magnet ic  
- 
I f i e l d  (4.7 T) and r e s o l u t i o n  enhancement w a s  used to  e x t r a c t  
l s p e c t r a l  d e t a i l s  beyond t h o s e  seen i n  publ i shed  s p e c t r a  
of c o a l s  o f  similar rank. S i g n a l  h e i g h t s  w e r e  used t o  
c h a r a c t e r i s e  o rgan ic  f u n c t i o n a l  group d i s t r i b u t i o n s ,  The 
s p e c t r a  showed c l o s e  similari t ies between A u s t r a l i a n  brown 
1 c o a l s  and low-rank New Zealand subbituminous coals, 
p a r t i c u l a r l y  t h o s e  mined i n  t h e  North I s l and .  The s p e c t r a  
1 of New Zealand l i g n i t e s  a l l  showed s t r o n g e r  s i g n a l s  from 
c e l l u l o s e ,  methoxyl groups and' phenols. Almost a l l  o f  t h e  
New Zealand c o a l s  showed a r e l a t i v e l y  s t r o n g  s i g n a l  from 
-. 
1 polymethylene cha ins ,  ccmpared w i t h  t h e  A u s t r a l i a n  brown 
l coa l s .  Th i s  l e d  t o  a p r e d i c t i o n  o f . h i g h e r  a l k e n e  y i e l d s  
from p y r o l y s i s  of  t h e  N e w  Zealand c o a l s .  V a r i a t i o n s  i n  
phenol ic  s u b s t i t u t i o n  p a t t e r n s  w e r e  a t t r i b u t e d  t o  v a r i a t i o n s  
i n  t h e  r e l a t i v e  p r o p o r t i o n s  o f  t a n n i n s  and l i g n i n s  i n  t h e  
d e p o s i t i o n a l  environments. 
Sol id - s ta te  13c nuclear  magnetic resonance spectroscopy 
has been used t o  c h a r a c t e r i s e  t h e  organic  con ten t  o f  a 
number of 8 low-rank c o a l s  from ~ u s t r a l i a l - 7  and New Zealand . 
A v a r i e t y  of types  of  spectrometer  have been used, w i t h  
magnetic f i e l d s  ranging from 1 . 4  As a r e s u l t  
of t h e  d i v e r s i t y  of f i e l d  s t r e n g t h s ,  
l 
t h e  published s p e c t r a  
do not  provide a u s e f u l  b a s i s  f o r  comparison of A u s t r a l i a n  
brown coa l s  wi th  New Zealand c o a l s  of s i m i l a r  geo log ica l  
age. W e  have found t h a t  a combination of  a superconducting 
spectrometer and d i g i t a l  r e s o l u t i o n  enhancement can r e v e a l  
more s p e c t r a l  d e t a i l  than  t h a t  seen i n  published s p e c t r a  o f  
Aus t ra l i an  brown coa l s ,  We have t h e r e f o r e  run a c o l l e c t i o n  
1 of samples on t h e  same spectrometer ,  f o r  d i r e c t  comparison. 
The c o l l e c t i o n  cons i s t ed  of 1 9  New Zealand subbituminous 
coa l s ,  11 New Zealand l i g n i t e s  and .2  Aus t r a l i an  brown coa l s .  
A l l  of t h e  c o a l s  were sampled from T e r t i a r y  depos i t s .  
Pa leobotanica l  s t u d i e s  have shown s i m i l a r i t i e s  i n  t h e  
, vegeta t ion  which con t r i bu t ed  t o  c o a l s  deposi ted  throughout  
Aus t ra las ia -dur ing  t h i s  geo log i ca l  per iod ,  Lumps o f  r e s i n  
from trees of t h e  genus Agathis ( kau r i )  a r e  common i n  
10 Aus t ra l i an  brown coa l s9  and New Zealand l i g n i t e s  , and 
fragments of  s i m i l a r  r e s i n s  have been found i n  subbituminous 
coa l s  from both t h e  ~orth I s l a n d  and South I s l and  o f  New 
11 Zealand . Other p l a n t  remains found i n  both A u s t r a l i a n  12 
and New 2ealand13 T e r t i a r y  c o a l s  inc lude  f o l i a g e  and p o l l e n s  
from c o n i f e r s  of t h e  genera Dacrydium (c. f .  modern rimu) , 
Phyllocladus (c. f . modern c e l e r y  p ine)  and Podocarpus (c. f . 
modern t o t a r a ) .  Remains of hardwoods of t h e  genus Nothofagus 
(beech) have a l s o  been found i n  both  t h e  Aus t r a l i an  brown 
l 
coals12 and New Zealand l i gn i t e s13 .  The p l a n t  communities 
~ which formed t h e  Aus t ra las ian  T e r t i a r y  c o a l s  w e r e  d i f f e r e n t  
~ 
from those  which formed o t h e r  c o a l  d e p o s i t s  elsewhere i n  
t h e  world dur ing t h e  same per iod of  time; e.g. t h e  c o n i f e r s  
which con t r ibu ted  t o  t h e  German brown c o a l s  w e r e  most ly 
1 4  Taxodium (swamp cypress)  and sequoia trees . 
The t e r m  "brown coa l"  i s  commonly used i n  A u s t r a l i a  t o  
desc r ibe  d e p o s i t s  which would be c l a s s i f i e d  a s  l i g n i t e  B 
15 i n  t h e  ASTM scheme . Published ana lyses  f o r  samples of 
Aus t ra l i an  brown c o a l s  from t h e  Momel l  mine show carbon 
1 6  con ten t s  i n  t h e  range 66 t o  71% on a dry  ash-f ree  b a s i s  . 
These va lues  are similar t o  typicaL va lues  f o r  New Zeal ind 
I l i g n i t e s 8  (67 t o  71%),  bu t  less than t y p i c a l  va lues  f o r  
New Zealand subbituminous coa l s8  (73 t o  7 8 % ) .  W e  have 
I r e t a ined  t h e  term "brown coa l"  t o  d i s t i n g u i s h  t h e  Aus t r a l i an  
. d e p o s i t s  from New Zealand l i g n i t e  depos i t s ,  s i n c e  w e  have 
found d i s t i n c t  d i f f e r ences  i n  t h e  nmr s p e c t r a  d e s p i t e  
1 s i m i l a r i t i e s  i n  ASTM ranks  and carbon contents .  
samples 
Most of t h e  c o a l s  w e r e  run-of-nine samples which had been 
l c o l l e c t e d  and prepared f o r  r o u t i n e  ana ly s i s .  Four of t h e  
coa l s  were sampled from d r i l l h o l e s .  Each sample was ranked 
according t o  t h e  RSTM c l a s s i f i c a t i o n  scheme15. The l i g n i t e s  
and brown c o a l s  were p a r t l y  d r i e d  before  proximate a n a l y s i s ,  
so s p e c i f i c  ene rg i e s  w e r e  converted t o  a mois t  b a s i s  wi th  
published bed mois tures  f o r  o t h e r  samples of l i g n i t e s l 7  o r  
brown coals16 taken from t h e  s a m e  l o c a l i t i e s .  I n  t h e  
fol lowing l is t  of  sources ,  t h e  l i g n i t e s  a r e  l a b e l l e d  "A" 
o r  "B" and t h e  subbituminous c o a l s  "A", "B" o r  "C" according 
1.5 t o  t h e  ASTM c l a s s i f i c a t i o n  scheme . 
Cent ra l  Otago l i g n i t e s ;  Hawkdun/drillhole (B)  , Home H i l l s /  
Idaburn mine ( B ) ,  Roxburgh/Harliwich mine ( 2  samples, B ) ,  
Roxburgh/dril lhole (B) . 
Southland l i g n i t e s ;  Mataura mine (B) , Ashers-Waituna/As he r s  
Siding mine (B) , ' Waimumu/Nemale mine (2  samples, A and B)  , 
Waimumu/Goodwin mine ( 2  sample S, A], . 
South I s l and  subbituminous coa l s ;  ~a i tangata /Wangaloa  mine 
(C) , Kaitangata/Kai Po in t  mine (C) , Braz i e r s  mine (C) , 
Garden Creek mine (B) Terrace  mine ( A ) ,  Heaphys mine ( A ) ,  
Ohai/mine composite ( A ) ,  
North I s l and  subbituminous coa l s ;  Maramarua/Kopuku mine ( C ) ,  
Kawhia/Pirongia mine (C) , Ohinewai/dri l lhole (C) , Mokaul 
Valley C o l l i e r i e s  mine ( B ) ,  Ohura/Squires Creek mine ( B ) ,  
Rotowaro/Mahons mine ( B ) ,  Rotowaro/Maori Farm mine (B), 
Huntly/l?eavers mine (B) , Rotowaro/Waipuna mine (A) , Huntly 
East  mine [A) ,  Huntly W e s t  mine (A) , Ohura/Col l ier ies  mine 
(A) . 
Aus t ra l i an  brown c o a l s ;  Morwell mine and Loy Yang/dr i l lhole ,  
both sites i n  t h e  Latrobe Val ley ,  V i c t o r i a .  The Morwell 
sample w a s  taken  from Drum 289 o f  t h e  1979 100 tonne bulk  
, 
sample, prepared by t h e  S t a t e  E l e c t r i c i t y  Commission o f  
V i c t o r i a  f o r  r e s e a r c h  purposes.  The Loy Yang sample w a s  
taken from a dep th  o f  67-68 metres down bore  LY1277, i n  a 
16  band descr ibed  as  medium-light l i t h o t y p e  . 
Ultimate ana lyses  f o r  most o f  t h e  N e w  Zealand samples have 
. - 
been publ ished i n  Reference 8. L i t e r a t u r e  d a t a  f o r  t h e  
Morwell sample are1*; 70.4% C,  4.9% H, 0.5% N, 0.3% S, 
I 23.9% 0 ( w t %  mineral-matter  f r e e ) .  Data a r e  n o t  a v a i l a b l e  
f o r t h e L o y  Yang sample, b u t  l i t e r a t u r e  d a t a  f o r  coal from 
t h e  same l i t h o t y p e  band o f  l ore LY1277 are16; 69.6% C, 
l 
4.9% H, 0 . 6 %  N ,  0.3% S and 24.6% 0. 
A l l  of  t h e  samples w e r e  c rushed t o  c200 pm. 
Nuclear magnetic re sona-nce 
1 About 0.3 g- of  powder was packed i n  a r o t o r  made o f  Kel-F, 
1 and a l a y e r  of b o r i c  a c i d  w a s  spread  over  t h e  top  t o  a depth 
1 of about 1 mm. The composite sample w a s  then  compressed by L 1 a c y l i n d r i c a l  p lunger ,  and t h e  l a y e r  o f  b o r i c  a c i d  provided  
a smooth, hard s u r f a c e  which seldom cracked d u r i n g  sample 
spinning.  Rotors  w e r e  spun a t  2.5 + 0.2  kHz i n  t h e  s t a n d a r d  
CP/MAS probe o f  a Varian XL-200 nmr spec t rometer .  A l l  o f  
t h e  nmr s p e c t r a  w e r e  run  a t  50.3 MHz.  A c r o s s - p o l a r i s a t i o n  
con tac t  t i m e  o f  1 m s  w a s  fol lowed by 15  ms of d a t a  
a c q u i s i t i o n  and a recovery  d e l a y  o f  150 m s  be fo re  t h e  n e x t  
c o n t a c t  t i m e .  Cross -po la r i sa t ion  rates and p ro ton  sp in-  
l a t t i c e  r e l a x a t i o n  rates w e r e  measured f o r  s e l e c t e d  
samples. The r e s u l t s  showed t h a t  t h e  c o n t a c t  t i m e  w a s  
adequate f o r  c r o s s - p o l a r i s a t i o n ,  and t h a t  t h e  recovery  
de lay  w a s  adequate  f o r  r e s t o r a t i o n  o f  t h e  p ro ton  magnet- 
3 4 i s a t i o n .  Between 5 X 10  and 4 X 1 0  t r a n s i e n t s  were 
accumulated. 
Resolution-enhanced s p e c t r a  w e r e  produced by Lorentzian- 
to-Gaussian t r a n s f ~ r m a t i o n ~ ~ ,  i n v o l v i n g  an expone&i.ally- 
1 i nc reas ing  f u n c t i o n  (time c o n s t a n t  1 m s )  and a Gaussian 
I 
apodisa t ion  f u n c t i o n  ( t i m e  c o n s t a n t  2 m s ) .  The t i m e  
I 8 
cons tan t s  w e r e  chosen a f t e r  t r i a l - a n d - e r r o r  t e s t i n g  . The 
d a t a  t a b l e s  w e r e  z e r o - f i l l e d  t o  8 K  be fo re  F o u r i e r  t r a n s -  
-. 
formation. Chemical s h i f t s  were a d j u s t e d  t o  a s c a l e  based 
on t e t r a m e t h y l s i l a n e .  
Aromaticity v a l u e s  w e r e  e s t ima ted  by p l o t t i n g  s p e c t r a  
without  r e s o l u t i o n  enhancement, drawing a v e r t i c a l  l i n e  a t  
6 = 65, and de f in ing ;  
f: = ( s i g n a l  area f o r  6<65) / ( t o t a l  area) . 
t 
The prime on t h e  symbol f a  i s  used t o  i n d i c a t e  t h a t  t h i s  
parameter i s  an apparent  a r o m a t i c i t y ,  not  c o r r e c t e d  f o r  
spinning s ideband s i g n a l  a r e a s ,  o r  f o r  c o n t r i b u t i o n s  from 
carboxyl ic  a c i d s ,  carbonyl  groups  and c e l l u l o s e .  The 
boundary w a s  chosen t o  coi i lc ide  w i t h  a d i p  i n  t h e  s p e c t r a l  
envelope, between t h e  a l i p h a t i c  band and a f i r s t - o r d e r  
spinning sideband from t h e  aromat ic  band (Fig. 1). A s  much 
as 11% o f  t h e  a romat ic  s i g n a l  could be con ta ined  i n  sp inn ing  
sidebands obscured by t h e  a l i p h a t i c  band8, b u t  t h i s  should  
n o t  a f f e c t  t h e  r e l i a b i l i t y  o f  t h e  parameter fi as a test  
f o r  relat ive d i f f e r e n c e s  i n  a romat ic i ty .  
I RESULTS AND DISCUSSION 
l Aromat ic i t ie  S 
I 
Fig. 1 shows t h e  13c CP/MAS nmr spectrum of  t h e  Ashers- 
FVaituna l i g n i t e ,  p l o t t e d  wi thou t  r e s o l u t i o n  enhancement. 
Broken l i n e s  d i f f e r e n t i a t e  t h e  s i g n a l  areas used i n  
c a l c u l a t i n g  t h e  a r o m a t i c i t y .  The r e s u l t s  o f  such a r o m a t i c i t y  
measurements are shown i n  Table 1. Most o f  t h e  v a l u e s  of 
l 
fa w e r e  s c a t t e r e d  around a mean va lue  of  0.65, b u t  t h e  
-. 
values  f o r  C e n t r a l  Otago l i g n i t e s  were c o n s i s t e n t l y  lower 
than  t h i s .  Pe t rograph ic  a n a l y s e s  have shown t h a t  C e n t r a l  
Otago l i g n i t e s  t e n d  t o  have h igher  e x i n i t e  c o n t e n t s  than  
20 Southland l i g n i t e s  . E x i n i t e  macerals  show s t r o n g  
a l i p h a t i c  s i g n a l s  i n  13c nmr s p e c t r a ,  compared w i t h  
20 
v i t r i n i t e  o r  i n e r t i n i t e  macerals . The nmr r e s u l t s  are 
t h e r e f o r e  c o n s i s t e n t  w i t h  t h e  pe t rograph ic  da ta .  
Verheyen e t  a l .  have shown2 t h a t  a rorna t ic i ty  d i f f e r s  
--
between l i t h o t y p e s  i n  t h e  c a s e  o f  t h e  A u s t r a l i a n  brown 
coals .  They found v a l u e s  o f  f a  = 0.56 f o r  a p a l e  l i t h o t y p e  
and f a  = 0.65 f o r  a dark  l i t h o t y p e  from bore LY1276 o f  t h e  
Loy Yang f i e l d .  The dark  l i t h o t y p e  inc luded c h a r c o a l  
( f u s i n i t e ) ,  which i s  one o f  t h e  i n e r t i n i t e  macerals  known 
21 t o  have a p a r t i c u l a r l y  h i g h  a r o m a t i c i t y  . I n e r t i n i t e  
macerals account f o r  no more t h a n  a few percen t  by weight  
o f  t h e  N e w  Zealand l i g n i t e s 2 0 ,  s o  v a r i a t i o n s  i n  t h e  
i n e r t i n i t e  con ten t  a r e  t o o  s m a l l  t o  be r e s p o n s i b l e  f o r  t h e  
observed v a r i a t i o n s  i n  l i g n i t e  a romat ic i ty .  
Aromat ic i t ies  o f  f a  = 0.53 and 0.59 have been r e p o r t e d  f o r  
samples from t h e  Loy Yang f i e l d 4 . f 6 ,  and a va lue  o f  f a  = 0.57 
has been repor ted  f o r  a sample from yal lourn3,  which i s  
adjacent  t o  Morwell. When t h e s e  v a l u e s  a r e  combined w i t h  
I 2 da ta  f o r  t h e  5 Loy Yang l i t h o t y p e s  t h e  mean i s  f a  = 0.57 
wi th  a s tandard  d e v i a t i o n  of  0.04. The s c a t t e r  i s  s o  c l o s e  
t o  e x p e r i n e n t a l  u n c e r t a i n t y  t h a t  t h e  publ i shed  v a l u e s  show 
no c l e a r  evidence f o r  v a r i a t i o n s  i n  a r o m a t i c i t y  around t h e  
Latrobe Valley. The mean i s  s i g n i f i c a n t l y  d i f f e r e n t  from 
o u r  mean va lue  of  f '  (Table  l ) ,  b u t  t h i s  can be exp la ined  
a 
I 
by a d i f f e r e n c e  i n  t h e  d e f i n i t i o n s  o f  fa and fa .  W e  w e r e  
n o t  a b l e  t o  s e p a r a t e  t h e  c a r b o x y l i c  o r  carbonyl  s i g n a l s  
from spinnihg  s idebands,  s o  t h e s e  s i g n a l s  w e r e  inc luded  
i n  our  d e f i n i t i o n  of f:. Spinning  s idebands  are normally 
less prominent i n  s p e c t r a  run  on e lec t romagnet  spec t ro -  
meters, so t h e  publ i shed  v a l u e s  o f  f a  w e r e  e a s i l y  c o r r e c t e d  
f o r  carboxyl ic  and carbonyl  s i g n a l s .  S i g n a l  i n t e n s i t i e s  
t a b u l a t e d  i n  References 2 and 3 show t h a t  t h e s e  s i g n a l s  
account f o r  about  a t e n t h  o f  t h e  t o t a l  s i g n a l  a r e a ,  and 
were t h e r e f o r e  s t r o n g  enough t o  e x p l a i n  t h e  d i f f e r e n c e  
t 
between publ ished v a l u e s  of fa  and o u r  va lues  o f  fa .  
Resolution enhancement 
* 
A comparison o f  Figs .  1 and 2a shows t h e  improvement ga ined  
from r e s o l u t i o n  enhancement by Lorentzian-to-Gaussian 
t ransformation.  Resolu t ion  enhancement has  a l r e a d y  been 
used t o  improve t h e  s p e c t r a  o f  c o a l s  from t h e  u n i t e d  
~ t ~ t e s  22 f  23 . Those s p e c t r a  do n o t  show a s  much d e t a i l  as 
can be seen i n  F igs .  2-4. Two f a c t o r s  could  c o n t r i b u t e  
towards t h i s  d i f f e r e n c e .  F i r s t l y ,  t h e  A u s t r a l a s i a n  c o a l s  
are of comparat ively low rank. Miknis  'et' al.  24 have 
--
suggested t h a t  a s  t h e  carbon c o n t e n t  o f  c o a l  i n c r e a s e s ,  
t h e  heteroatom c o n t e n t  dec reases ,  p rov id ing  less o p p o r t u n i t y  
f o r  a wide range  i n  chemical s h i f t  d i s p e r s i o n  and t h e r e f o r e  
an apparent  l a c k  of f i n e - s t r u c t u r e  i n  t h e  aromat ic  r e g i o n  
of t h e  h igher  rank c o a l s .  Secondly, w e  have used a 
- 
superconducting spectrornet.er. The improved s i g n a l  
-. 
d i spe r s ion  ga ined  by us ing  a h igher  f i e l d  s t r e n g t h  can be 
seen by comparing s p e c t r a  of Yal lourn brown c o a l  r u n  a t  3 
1 . 4  T and7 7 T, o r  by comparing s p e c t r a  of x y l i t e  f r a c t i o n s  
from Yallourn brown c o a l  run  a t 5  2 .1  T and1 7 T. 
S ignals  w e r e  a s s i g n e d  as i n  earlier work on A u s t r a l a s i a n  
coa l s  and model compounds 2 5 f 2 6 .  Chemical s h i f t s  g iven  
here are averages  f o r  s i g n a l s  observed i n  t h e  s p e c t r a  
shown i n  Figs .  2-4. 
6=15,31; methyl and methylene groups i n  a l k y l  cha ins .  
6=22; methylene groups bonded d i r e c t l y  t o  methyl groups 
i n  a l k y l  cha ins .  
Methyl groups on aromat ic  r i n g s  would also c o n t r i b u t e  t o  
25 t h i s  s i g n a l  . 
26 6-56: methoxyl groups i n  l i g n i n - l i k e  aromat ic  s t r u c t u r e s  . 
6=76; carbohydrate  s t r u c t u r e s ,  e.g. c e l l u l o s e .  A sp inn ing  
sideband from t h e  aromat ic  s i g n a l  c o n t r i b u t e d  t o  t h i s  
reg ion  i n  a l l  s p e c t r a ,  s o  t h e  p resence  o f  a s i g n a l  a t  
6=76 i n  Figs .  2-6 can n o t  be t aken  a l o n e  as evidence f o r  
c e l l u l o s e .  The presence  o f  a real  s i g n a l  was confirmed 
f o r  some of t h e  l i g n i t e s ,  by running  s p e c t r a  a t  d i f f e r e n t  
spinning f requencies .  
6=105-115; carbon i n  a romat ic  r i n g s ,  w i t h  oxygen-subst i t -  
u t i o n  on t h e  a d j a c e n t  carbon a t o m .  
6=129; o t h e r  carbon i n  a romat ic  r i n g s ,  excep t  f o r  carbon 
-. 
atoms d i r e c t l y  bonded t o  oxygen. 
& = l 4 5  and 155; a romat ic  carbon bonded t o  oxygen i n  
phenols,  methoxylated phenols  and pheno l i c  e t h e r s .  The 
s i g n a l  a t  6=155 w a s  a s s igned  t o  s t r u c t u r e s  with i s o l a t e d  
-P 
phenolic groups,  as sugges ted  by Snape -- e t  w h i l e  t h e  
s i g n a l  a t  6=145 w a s  a s s igned  t o  s t r u c t u r e s  wi th  oxygen 
s u b s t i t u t i o n  on a d j a c e n t  carbon atoms, i.e. d ipheno l i c  
8 
s t r u c t u r e s  as found i n  l i g n i n 2 6  and c o a l i f i e d  wood . Snape 
e t  al.25 have sugges ted  t h a t  pheno l i c  e t h e r  s i g n a l s  
-- 
c o n t r i b u t e  to  t h e  r e g i o n  6=158-165, b u t  t h e  work o f  N i m z  26 
has  shown t h a t  s i g n a l s  can a l s o  be found i n  t h e  r e g i o n  
6=147-155 f o r  l i g n i n - l i k e  d i p h e n o l i c  s t r u c t u r e s .  Assignments 
i n  t h i s  r eg ion  a r e  d i s c u s s e d  i n  more d e t a i l  below. 
6=178; ca rboxy l i c  a c i d s  p l u s  a sp inn ing  sideband o f  t h e  
aromatic  s i g n a l  a t  6=129. Experiments wi th  f a s t e r  sp inn ing  
f requencies  demonstrated t h e  p resence  o f  a r e a l  s i g n a l  
under t h e  sp inning  s ideband,  but t h e  f r equenc ies  r e q u i r e d  
f o r  t h i s  work w e r e  t oo  h igh  f o r  r o u t i n e  use.  
6=195-205; carbonyl  groups p l u s  sp inn ing  s idebands from 
phenol ic  s i g n a l s .  The s idebands  appeared t o  dominate t h i s  
reg ion ,  s i n c e  v a r i a b l e  s p i n n i n g  f r e q u e n c i e s  f a i l e d  t o  
provide any c l e a r  evidence f o r  a real s i g n a l .  
, 
Signa l  h e i g h t s  
S igna l  he igh t s  depend on a number o f  experimental  
cond i t ions  (e.g. . t h e  s t r e n g t h  o f  t h e  magnetic f i e l d ,  
sp inn ing  frequency, d e c o o p l e r  power) as w e l l  as d a t a  
-. 
process ing  parameters (e. g. t i m e  c o n s t a n t s  f o r  r e s o l u t i o n  
enhancement and t h e  number o f  d a t a  p o i n t s  t ransformed) ,  s o  
i t  i s i m p o r t a n t  t h a t  any d i s c u s s i o n  o f  r e l a t i v e  s i g n a l  
h e i g h t s  should be based on s p e c t r a  ob ta ined  under t h e  same 
cond i t ions ,  as i n  t h e  case of t h e  d a t a  presented  here.  
.r, 
A height  measured from a s i n g l e  peak i s  n o t  a u s e f u l  
parameter,  because it i s  s u b j e c t  t o  an a r b i t r a r y  s c a l i n g  
f a c t o r  based on spec t rometer  a m p l i f i c a t i o n  s e t t i n g s .  A l l  
s i g n a l  h e i g h t s  repor ted  i n  t h i s  work have been expressed  
r e l a t i v e  t o  t h e  he ight  o f  a n o t h e r  peak measured from t h e  
same p l o t .  The peak a t  &=l29 was chosen f o r  t h i s  purpose.  
Ons reason f o r  t h i s  p a r t i c u l a r  c h o i c e  was t h e  f a c t  t h a t  
t h i s  peak (considered a long w i t h  t h e  a s s o c i a t e d  sp inn ing  
sidebands) was t h e  most i n t e n s e  s i g n a l  i n  almost  a l l  o f  
t h e  spec t ra .  Other  r e a s o n s  are given below, i n  s u b s e c t i o n s  
dea l ing  wi th  each  s igna l -he igh t  r a t i o .  
Heights of a l i p h a t i c  s i g n a l s  a t  6=22 and 6=40 tended t o  
c o r r e l a t e  w i t h  t h e  h e i g h t  of t h e  p r i n c i p a l  a l i p h a t i c  
s i g n a l  a t  6=31, b u t  t h i s  can  be expla ined  ( a t  least  i n  
1 p a r t )  by s i g n a l  over lap .  Aromatic s i g n a l s  a t  6=105-115 
I . l i kewise  tended t o  c o r r e l a t e d  w i t h  t h e  aromat ic  s i g n a l  a t  
6=129. S ignal  h e i g h t s  measured a t  6=175 showed o n l y  s m a l l  
v a r i a t i o n s  r e l a t i v e  t o  t h e  s i g n a l  a t  6=129, s o  t h e s e  r a t i o s  
l were n o t  used f o r  c h a r a c t e r i s a t i o n  of  t h e  c o a l s .  S i g n a l s  
1 a t  6=195-205 w e r e  ignored,  because of  t h e  l a r g e  sp inning-  
sideband component. S igna l  h e i g h t s  f o r  a l l  o t h e r  prominent 
1 peaks are shown i n  F igs .  5-7. -. 
Alkyl m o i e t i e s  
Fig.  5 shows s igna l -he igh t  r a t i o s  f o r  t h e  methylene and 
methyl s i g n a l s  r e l a t i v e  t o  t h e  p r i n c i p a l  a romat ic  s i g n a l .  
This  p l o t  shows t h a t  t h e  C e n t r a l  Otago l i g n i t e s  could  be 
d i s t i n g u i s h e d  'from t h e  o t h e r  samples, because t h e  a l i p h a t i c  
1 - s i g n a l s  were p a r t i c u l a r l y  s t r o n g  compared wi th  a romat ic  
s i g n a l s .  The same conclus ion  w a s  reached (above) through 
a romat ic i ty  measurements, b u t  F ig .  5 shows t h a t  peak h e i g h t s  
are more s e n s i t i v e  t o  t h e  s t r u c t u r a l  d i f f e r e n c e s  which 
d i s t i n g u i s h  o r g a n i c  matter i n  t h e  C e n t r a l  Otago l i g n i t e s  
from organic  matter i n  t h e  o t h e r  samples. 
The c l u s t e r i n g  o f  d a t a  p o i n t s  i n  Fig.  5 sugges t s  t h a t  
a l i p h a t i c  s t r u c t u r e s  i n  t h e  Southland l i g n i t e s  are s i m i l a r  
t o  those  i n  subbituminous c o a l s .  The A u s t r a l i a n  brown 
c o a l s  showed r e l a t i v e l y  weak s i g n a l s  i n  t h e  a l i p h a t i c  
reg ion ,  bu t  t h e  d a t a  p o i n t s  f a l l  w i t h i n  t h e  c l u s t e r  o f  
p o i n t s  f o r  subbituminous c o a l s .  
I. 
I Typical  ranges  of atomic H/C r a t i o s  are8 0.79-1.00 for 
Cent ra l  Otago l i g n i t e s  and 0.70-0.90 f o r  Southland 
l i g n i t e s .  The tendency towards h igher  H/c r a t i o s  
c o n s i s t e n t  wi th  t h e  r e l a t i v e l y  s t r o n g  s i g n a l s  from hydrogen- 
r i c h  s t r u c t u r e s  (e.g. methylene and methyl groups) i n  t h e  
s p e c t r a  o f  C e n t r a l  Otago l i g n i t e s .  The nmr s i g n a l  h e i g h t s  
provide a c l e a r e r  d i s t i n c t i o n  between t h e  two t y p e s  o f  
l i g n i t e .  
Calkin et. have shown 
-- 
t h a t  t h e  s t r e n g t h  o f  t h e  
methylene s i g n a l  i n  13c CP/MAS nmr s p e c t r a  can be used t o  
p r e d i c t  t h e  y i e l d s  o f  a l k e n e s  ob ta ined  by f l a s h  p y r o l y s i s .  
That work was based on s i g n a l  areas. W e  t e s t e d  t h e  
p o s s i b i l i t y  of  us ing  s i g n a l - h e i g h t  r a t i o s  f o r  t h e  same 
purpose. Yie lds  of  e t h y l e n e  have been r e p o r t e d  f o r  N e w  
Zealand l i g n i t e s  pyrolysed  a t  500 o C 28. t he  samples 
used i n  t h a t  work, 3 C e n t r a l  Otago l i g n i t e s  and 4 Southland 
l i g n i t e s  were taken  from t h e  same bulk samples used h e r e  
l f o r  CP/MAS nmr s p e c t r a .  Data f o r  t h e s e  7 l i g n i t e s  are 
shown i n  Table 2. Ethylene yields were s t r o n g e s t  f o r  t h e  
l i g n i t e s  wi th  t h e  s t r o n g e s t  methylene s i g n a l ,  as  determined 
by s igna l -a rea  increments  ( c o r r e l a t i o n  c o e f f i c i e n t  0.95) o r  
by s ignal -he ight  r a t i o s  measured from resolut ion-enhanced 
s p e c t r a  ( c o r r e l a t i o n  c o e f f i c i e n t  0.94) . Signal-height  
r a t i o s  can be measured more r a p i d l y ,  and would t h e r e f o r e  
be more u s e f u l  i n  s c r e e n i n g  o f  l i g n i t e s  f o r  p o t e n t i a l  
p y r o l y s i s  feeds tock ,  
The Aus t ra l i an  brown c o a l s  gave such weak methylene s i g n a l s  
t h a t  a lkene y i e l d s  are expected  t o  be lower t h a n  t h o s e  
obta ined  from New Zealand l i g n i t e s  o r  subbituminous c o a l s .  
No r e s u l t s  a r e  a v a i l a b l e  y e t ,  t o  test  t h i s  conclusion.  
Ce l lu lose  and methaxyl mo5.eties 
Fig. 6 shows s i g n a l  h e i g h t s  f o r  f u n c t i o n a l  groups t h a t  
c o n t r i b u t e  s t r o n g  s i g n a l s  i n  t h e  s p e c t r a  of modern woods. 
-, 
Signa l  h e i g h t s  were measured r e l a t i v e  t o  t h e  h e i g h t  o f  t h e  
p r i n c i p a l  aromatic s i g n a l ,  because t h e  aromat ic  r i n g s  o f  
l i g n i n  t end  t o  p e r s i s t  th rough  t h e  e a r l y  s t a g e s  of  
c o a l i f i c a t i o n  whi le  t h e  o t h e r  components of  wood (e.g. 
29 
c e l l u l o s e )  are degraded . 
C l u s t e r i n g  o f  d a t a  p o i n t s  shows a c l e a r  d i s t i n c t i o n  between 
t h e  l i g n i t e s  and t h e  subbituminous c o a l s .  The A u s t r a l i a n  
brown c o a l s  resembled t h e  l a t te r  i n  t h a t  the c e l l u l o s e  and 
methoxyl moie t i e s  appear  t o  have been chemical ly  degraded. 
Russe l l  and ~ a r r o n ~ '  have used CP/EIAS nmr t o  compare 
samples o f  c o a l i f i e d  wood from t h e  Yallourn and Morwell 
mines. They found t h a t  t h e  c e l l u l o s e  and methoxyl c o n t e n t s  
v a r i e d  from one specimen t o  ano the r .  The h i g h e s t  c e l l u l o s e  
and methoxyl con ten t s  w e r e  s i m i l a r  t o  those  found i n  a 
s i n g l e  specimen of  c o a l i f i e d  wood from a New Zealand 
8 l i g n i t e  mine . V a r i a t i o n s  w e r e  a t t r i b u t e d  to  l o c a l i s e d  
d i f f e r e n c e s  i n  t h e  ox ida t ion / reduc t ion  p o t e n t i a l  o r  a c i d i t y  
o f  t h e  d e p o s i t i o n a l  e n ~ i r o n m e n t ~ ~ .  Di f fe rences  between t h e  
l 
two c l u s t e r s  of p o i n t s  i n  Fig.  6 could  l i k e w i s e  r e f l e c t  
d i f f e r e n c e s  i n  d e p o s i t i o n a l  environments r a t h e r  t h a n  
d i f f e r e n c e s  i n  t h e  e x t e n t  o f  c o a l i f i c a t i o n ,  
A r o m a t i c '  mo ie t i e s  
Fig.  7 shows s i g n a l  h e i g h t s  f o r  oxygen-subst i tuted aromat ic  
carbon. The s i g n a l  h e i g h t s  w e r e  measured r e l a t i v e  to  t h e  
~ 
h e i g h t  of t h e  p r i n c i p a l  a romat ic  s i g n a l ,  t o  provide  
parameters  r e l a t e d  t o  t h e  degree  o-£ oxygen s u b s t i t u t i o n  of 
a romat ic  r i n g s .  S i g n a l s  a t  6=147 and 155 w e r e  p a r t i c u l a r l y  
s t r o n g  i n  t h e  s p e c t r a  of t h e  l i g n i t e s .  This  obse rva t ion  i s  
c o n s i s t e n t  wi th  t h e  o v e r a l l  l o s s  of  oxygen dur ing  
c o a l i f i c a t i o n ,  and t h e  l o s s  of  phenol ic  -OH groups i n  
par t icular31.  Data p o i n t s  f o r  t h e  A u s t r a l i a n  brown c o a l s  
f e l l  c l o s e  t o  t h e  a r e a  o f  o v e r l a p  between l i g n i t e s  and 
subbituminous coa l s .  Th i s  o b s e r v a t i o n  does n o t  r e f l e c t  
t h e  t o t a l  oxygen c o n t e n t s  of t h e  d i f f e r e n t  c o a l s .  Typ ica l  
atomic O/C r a t i o s  a r e  0.24-0.29 f o r  New Zealand l i g n i t e s  8 
8 
and 0.15-0.23 f o r  N e w  Zealand subbituminous c o a l s  . Atomic 
O/C r a t i o s  f o r  t h e  A u s t r a l i a n  brown c o a l s  w e r e  0.25 (Morwell) 
and 0.27 ( ~ o y  Yang) , Although t h e  O/C r a t i o s  f o r  brown 
c o a l s  f a l l  w i th in  t h e  range  f o r  l i g n i t e s ,  t h e  ninr s p e c t r a  
suggest  t h a t  t h e  t w o  t y p e s  of  c o a l  d i f f e r  i n  t h e  
d i s t r i b u t i o n  of  oxygen i n  d i f f e r e n t  f u n c t i o n a l  groups,  
Evidence f o r  d i f f e r e n c e s  i n  phenol ic  c o n t e n t s  is  no t  
confined t o  t h e  s i g n a l s  a t  6=147-155. The s i g n a l s  i n  t h e  
region  6=105-120 show t h a t  t h e  l i g n i t e s  have a r e l a t i v e l y  
high c o n t e n t  of  a romat ic  carbon a t  sites a d j a c e n t  t o  oxygen 
s u b s t i t u t i o n  sites, provid ing  i n d i r e c t  evidence f o r  pheno l i c  
s t r u c t u r e s .  Th i s  d i f f e r e n c e  can  be seen  by comparing t h e  
s p e c t r a  i n  Fig.  2 w i t h  t h o s e  i n  F ig ,  4. 
The r a t i o  of s i g n a l  h e i g h t s  i n  t h e  r e g i o n  of  6=144-155 
showed a wide v a r i a t i o n ,  p a r t i c u l a r l y  i n  t h e  case of  t h e  
subbituminous c o a l s ;  e.g. F ig .  3 shows a p a r t i c u l a r l y  
s t rong  s i g n a l  a t ' 6 = 1 4 4  i n  t h e  spectrum of  B r a z i e r s  c o a l ,  
but  a p a r t i c u l a r l y  s t r o n g  s i g n a l  a t  6=155 i n  t h e  spectrum 
-. 
I of Kopuku c o a l .  Th i s  v a r i a t i o n  could  r e f l e c t  d i f f e r e n c e s  l1 i n  organic  source  material; e.g. d i f f e r e n c e s  i n  t h e  r e l a t i v e  I c o n t r i b u t i o n s  from l e a v e s ,  bark and wood. Leaves and bark 
con ta in  t ann ins ,  e.g. t h e  proanthocyanidin s t r u c t u r e  
i l l u s t r a t e d -  i n  F ig .  8a. The A-ring of each monomer u n i t  
I is  s u b s t i t u t e d  by oxygen on a l t e r n a t e  carbon atoms, s o  t h e  I .  C-0 groups c o n t r i b u t e  a 13c nmr s i g n a l  i n  t h k  reg ion  I c h a r a c t e r i s t i c  o f  i s o l a t e d  phenol ic  f u n c t i o n a l  groups,  i .e .  I a band cen t red  on32 6=155. The B-ring i s  s u b s t i t u t e d  by 
oxygen on a d j a c e n t  carbon atoms, s o  it c o n t r i b u t e s  a 13c 
nmr s i g n a l  i n  t h e  r eg ion  c h a r a c t e r i s t i c  of d ipheno l i c  
s t r u c t u r e s ,  i .e.  a t32 6=145. These two s i g n a l s  a r e  
I i l l u s t r a t e d  i n  F ig .  9, which shows a resolut ion-enhanced 
spectrum of  f r e s h  l e a v e s  from Dacrydiltn cupressinum (rirtlu). 
Lignins ,  on t h e  o t h e r  hand, c o n t a i n  v e r y  few aromat ic  
s t r u c t u r e s  wi th  i s o l a t e d  pheno l i c  groups26. The 3-metlloxy- 
4-hydroxyphenyl group (Fig. 8b) i s  p a r t i c u l a r l y  abundant 
i n  softwood l i g n i n s ,  c o n t r i b u t i n g  13c nnr  s i g n a l s  a t  26  
&=l47 and 148. The C-4 s i g n a l  moves t o  6=150 when t h e  
1 free pheno l i c  group i s  e t h e r i f i e d ,  and f u r t h e r  small s h i f t s  
u p f i e l d  o r  downfield can r e s u l t  from carbon s u b s t i t u t i o n  
a t  C-5 o r  C-6. Fig.  10  shows a s i g n a l  a t  6=148 i n  t h e  
spectrum of  rimu wood, ass igned t o  t h e  l i g n i n  con ten t .  
The chemical s h i f t  of t h i s  s i g n a l  i s  c o n s i s t e n t  with t h e  
s i g n a l  observed a t  6=147 i n  t h e  s p e c t r a  o f  l i g n i t e s  (Fig. 2 ) .  
The s i g n a l  ass igned t o  i s o l a t e d  p h e n o l i c  groups  w a s  found 
-. 
a t  approximately t h e  same chemical s h i f t  ( 6 = i 5 5 t l )  i n  a l l  
s p e c t r a ,  bu t  t h e  s i g n a l  ass igned t o  d i p h e n o l i c  s t r u c t u r e s  
w a s  found a t  &=l47 i n  s p e c t r a  of  l i g n i t e s ,  6-145 i n  s p e c t r a  
of brown c o a l s  and 6=144  i n  s p e c t r a  of  subbituminous c o a l s .  
Th i s  v a r i a t i o n  i n  chemical s h i f t  p r o v i d e s  suppor t ing  
evidence f o r  o u r  assignment o f  t h e  s i g n a l  t o  methoxylated 
l i g n i n - l i k e  s t r u c t u r e s  i n  l i g n i t e s  and s i m i l a r  non- 
methoxylated s t r u c t u r e s  i n  o t h e r  c o a l s ,  s i n c e  methoxylation 
of  a phenol ic  -OH group r e s u l t s  i n  a s h i f t  of +3 ppm f o r  
33  t h e  direct ly-bonded carbon atom . 
The North I s l a n d  and South I s l a n d  subbituminous c o a l s  
could n o t  be d i s t i n g ~ i s h e d  by s i g n a l  h e i g h t s  measured a t  
6=144, b u t  t h e  two sets of  s p e c t r a  tended t o  d i f f e r  i n  
h e i g h t s  measured a t  6=155. Mean s i g n a l  h e i g h t s  measured 
a t  t h e  l a t t e r  chemical s h i f t  were h ( i s o 1 a t e d  pheno l i c )  = 
0.81 and 0.70 f o r  North I s l a n d  and South I s l a n d  s u b ~ i t u m i n o u s  
c o a l s ,  r e s p e c t i v e l y ,  w i t h  s t andard  d e v i a t i o n s  of  0.08 and 
0.07. The mean s i g n a l  h e i g h t  f o r  t h e  A u s t r a l i a n  brown 
c o a l s  w a s  h ( i s o 1 a t e d  pheno l i c )  = 0.89, which w a s  o u t s i d e  
t h e  range observed f o r  South I s l a n d  subbituminous c o a l s .  
The three p o i n t s  c l o s e s t  t o  symbols f o r  t h e  A u s t r a l i a n  
brown c o a l s  i n  Fig.  7 correspond t o  North I s l a n d  
s u b b i t m i n o u s  c o a l s  o f  r e l a t i v e l y  low rank;  namely Kawhia 
and Ohinewai (both  subbituminous C )  and S q u i r e s  Creek 
(subbituminous B ) .  The spectrum of  t h e  S q u i r e s  Creek 
sample was b a r e l y  d i s t i n g u i s h a b l e  from t h a t  o f  t h e  
A u s t r a l i a n  brown c o a l s ,  even i n  t h e  band a s s i g n e z  t o  
-. 
polymethylene cha ins .  
The r e s o l u t i o n  o f  two d i s t i n c t  s i g n a l s  i n  t h e  pheno l i c  
reg ion  has  demonstrated t h e  improvement of c u r r e n t  a e t h o d s  
over  those -used  t o  o b t a i n  publ i shed  s p e c t r a  of  A u s t r a l i a n  
brown coals1-'. None o f  t h e  publisheZ s p e c t r a  show two 
d i s t i n c t  s i g n a l s  i n  t h i s  reg ion .  Two s p e c t r a  o f  Loy Yang 
4,5 c o a l  show o n l y  a shoulder  on t h e  s i d e  of  t h e  aromat ic  band , 
while  s p e c t r a  o f  Yal lourn c o a l 3  and l i t h o t y p e s  from Loy 
yangZ show a s i n g l e  peak i n  t h e  phenol ic  r eg ion .  A high- 
f i e l d  nmr spectrum of  Yal lourn brown c o a l 7  shows a shoulder  
on t h e  s i d e  of t h e  pheno l i c  s i g n a l ,  but  r e s o l u t i o n -  
enhancement t echn iques  w e r e  n o t  used. A high-f i e l d  nmr 
spectrum of  Yallourn c o a l i f i e d  wood1 shows o n l y  a s i n g l e  
phenol ic  s i g n a l  a t  6=147, and t h e  s i m p l i c i t y  of  t h i s  
spectrum can  be explained by t h e  absence o f  o t h e r  macerals. 
Publ ished s p e c t r a  of l i g n i t e s  sampled elsewhere around t h e  
world show o n l y  a shoulder  o r  a s i n g l e  peak p a r t l y  r e so lved  
- 
from t h e  aromat ic  band 23,34-37 
CONCLUS ION 
Our r e s u l t s  sugges t  t h a t  t h e r e  are c l o s e  s imi la r i t i es  
between t h e  organic  chemical s t r u c t u r e s  found i n  A u s t r a l i a n  
brown c o a l  and low-rank N e w  Zealand subbituminous c o a l s ,  
The d e p o s i t s  do however d i f f e r  i n  mois ture  c o n t e n t s .  
Typica l  mois tu re  c o n t e n t s  are 56-62% f o r  brown c o a l s  from 
t h e  Morwell mine16, and 15026% f o r  subbituminous c o a l s  
38 from New Zealand mines , This  d i f f e r e n c e  i s  a major 
-. 
reason f o r  t h e  d i f f e r e n c e  i n  ASTM rank. The ASTM 
c l a s s i f i c a t i o n  scheme i s  based on t h e  s p e c i f i c  energy of  
mois t  c o a l ,  s o  a higher  mois tu re  c o n t e n t  lowers  t h e  apparen t  
. rank even if t h e  o rgan ic  s t r u c t u r e s  a r e  t h e  same i n  both  
cases .  Th6 13c m spectrum i s  n o t  a f f e c t e d  by t h e  
presence  of mois ture ,  except  f o r  an  o v e r a l l  r e d u c t i o n  i n  
s i g n a l  i n t e n s i t y  due t o  t h e  lower weight-percentage o f  
carbon. 
Even i f  u l t i m a t e  ana lyses  show s i n i l a r i t i e s  between c o a l  
samples, nmr can d e t e c t  d i f f e r e n c e s .  I n  t h e  p resen t .work ,  
nmr s i g n a l s  showed t h a t  brown c o a l s  and l i g n i t e s  d i f f e r e d  
i n  t h e  d i s t r i b u t i o n  of  oxygen between v a r i o u s  t y p e s  of  
func t iona l  groups, even though t h e  t o t a l  oxygen con t en t s  
were s i m i l a r .  Cha rac t e r i s a t i on  by nmr t he r e fo re  g a t h e r s  
" s i m i l a r "  c o a l s  i n t o  c a t e g o r i e s  i n  a manner which d i f f e r s  
from t r a d i t i o n a l  ranking schemes. A c l a s s i f i c a t i o n  scheme 
based on nmr could be u s e f u l  i n  some a spec t s  of  c o a l  
u t i l i s a t i o n ,  eg c o a l  py ro ly s i s .  
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TABLE 1. Aromati6ity values determined by 13c nmr. 
Coal Number Mean fl Standard 
. . . . . . . .  
of samples deviation 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Central Otago lignites 5 0.58 0.05 
Southland lignites 6 0.64 0.01 
South Island subbituminous 
North Island subbituminous 
Australian brown coals 
TABLE 2. Yields  o f  e t h y l e n e  obta ined  by f lu id ised-bed 
p y r o l y s i s  o f  l i g n i t e s  a t  5 0 0 ~ ~ .  
Coal 
. . 
A (31) a h(311b e t h y l e n e  
h(129) y i e l d C  
. . . . .  . . . .  
C e n t r a l  Otago l i g n i t e s ;  
Home Hi l l s / Idaburn  
Southland l i g n i t e s ;  
l Waimumu/Newvale 1.07 2.4 0.17 
Waimumu/Goodwin 1.09 2.8 0.17 
Waimumu/Goodwin - 1.22 2.5 0.16 
Ashers CVaituna 0.78 1.5 0.14 
--. 
a  a r e a  increment between 6=30.5 and 6=31.5, expressed as , 
l percent  o f  t h e  t o t a l  area o f  t h e  spectrum. 
h e i g h t .  of t h e  methylene 13c n m r  s i g n a l ,  relat ive t o  t h e  
he igh t  of  t h e  p r i n c i p a l  a romat ic  s i g n a l  a t  6=129. 
C percent  by weight of  d.a.f .  c o a l ,  from Reference 28. 
FIGURE CAPTIONS 
FIGURE l 1 3  C nmr spectrum of  Ashers-Wituna l i g n i t e ,  
without  r e s o l t u i o n  enhancement, A broken l i n e  
o u t l i n e s  t h e  areas used i n  a r o m a t i c i t y  
de terminat ions .  
FIGURE 2 Resolution-enhanced 13c nmr s p e c t r a  bf New 
Zealand l i g n i t e s  from (a) Ashers-Waituna 
(Southland) , (b)  Hawkdun (Cen t ra l  Otago) . 
FIGURE 3 Resolution-enhanced 13c nrnr s p e c t r a  of New 
. Zealand subbituminous c o a l s  from (a) B r a z i e r s  
(South I s l a n d )  , (b) Kopuku (North I s l a n d )  . 
FIGURE 4 Resolution-enhanced 13c nmr s p e c t r a  o f  
A u s t r a l i a n  brown c o a l s  from (a) Morwell, 
(b) Loy Yang. 
FIGURE 5 S i g n a l  h e i g h t s  f o r  t h e  methyl s i g n a l  a t  
-. 
6=15 and t h e  methylene s i g n a l  a t  6=31, f o r  
Southland Cen t ra l  Otago l i g n i t e s  (O), 
Southland l i g n i t e s  (61, North I s l a n d  
subbituminous c o a l s  ( 0 1, South I s l a n d  
subbituminous c o a l s  (a) and A u s t r a l i a n  
brown c o a l s  
FIGURE 6 S igna l  h e i g h t s  f o r  t h e  c e l l u l o s e  s i g n a l  a t  -- 
6=74 and t h e  methoxyl s i g n a l  a t  6=56; 
symbols a s  f o r  F ig ,  5. 
FIGURE 7 S i g n a l  h e i g h t s  f o r  carbon i n  i s o l a t e d  pheno l i c  
groups (6=155) and i n  d i p h e n o l i c  s t r u c t u r e s  
(6=144-147); symbols as  f o r  Fig.  5.  
\ 
FIGURE 8 S t r u c t u r e s  f o r  t y p i c a l  monomer u n i t s  i n  
(a) proanthocyanidin polymers ( t a n n i n s )  , 
(b) softwood l i g n i n s .  
FIGURE 9 Resolution-enhanced 13c nmr spectrum of  l e a v e s  
from Dacrydium cupr.essinum 
FIGURE 10  Resolution-enhanced 13c nmr spectrum o f  wood 
from' D'acryditun cupressinum. 
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RESOLUTION-ENIG.lICED CARBOX-13 NUCLEAR IAGl\TETIC RESONANCE 
SPECTRA OF NEW ZEALWD COALS , 8.3 
. . - 
S.J. DA'JEWORT, Chemistry Department, Victoria  University of Wellington, - 
Private Bay, Wellington, New Zealand . . 
R.H. NEWMF-N, Chemistry Division, DSIR, Pr iva te  Sag, Petone, New Zealand 
ABSTRACT 
A combination of Lorentzian-to-Gaussian d i g i t a l  resolution enhancement plus the 
improved chemical-shift dispersion of a superconducting spectrometer has 
resulted in  separation of spectral  d e t a i l s  not  previously reported i n  CP/MAS 
NMR studies of coal. Signal assignments were based on simulation of spinning 
sideband intensi ty patterns.  The spectra  provided evidence f o r  major chemical . 




N.M.R. (spectra); organic matter; characterisation; functional groups; phenols. 
INTRODUCTION 
Carbon-13 nuclear magnetic resonance (NMR) spectra of sol id coal have often '  
shown no more than two broad bands, one i n  the al iphat ic  region (about 0-90 ppm) 
and one in the  a r~mat ic /o le f in ic  region (about 90-170 ppm) . Digi ta l  resolution- 
enhanceinent techniques have been used with some success. (Hagaman and Woody, 1982; 
Sullivan and Maciel, 1982). High-field magnets have a lso  been used t o  resolve 
overlapping signals. The success of high-field NMR can be demonstrated by 
comparing spectra of brown coal run i n  magnetic f i e lds  of 1.4 T (Yoshida w d  
others, 1982) and 7 T (Ohtsuka and others ,  1984) . We have conbined resolution 
enhancement and high-field NMR t o  resolve spectral  d e t a i l s  not previously 
reported i n  NMX s tudies  of coal. 
l EXPERIMENTAL 
-. 
The 57 New Zealand coals here a mixture of run-of mine ssmples and dri l l -hole 
ccrmposites, with one geological specimen of semi-anthracite. A l l  samples were 
c lass i f ied  by specif ic  energy an6 v o l a t i l e  matter according t o  t h e  ASTM ranking 
scheme, The coals were crushed t o  c200 pm, and about 0.3 g of each was packed 
i n  a Kel-F rotor  and spun a t  2.550.1 kHz i n  the magic-angle spinning (MAS) probe 
of a Varian XL-200 spectrometer operating a t  50.3 MHz for  cross-polarisation 
(CP) NMR. Each 1 m s  contact t i m e  was followed by 15 m s  of data acquisit ion and 
a recovery delay of 0.15-1 S, varied according t o  the  proton spin- la t t ice  
relaxation time, Between 5000 and 360000 transients  were accumulated. 
Lorentzian-to-Gaussian transformations were used f o r  resolution enhancement 
(Ferrige and Lindon, 1978). This involved multiplication of the data t a b l e  by 
an exponentially-increasing function ( t i m e  constant 1 m s )  and a Gaussian 
function (time constant 2 m s )  before Fourier transf onnation. 
RESULTS AND DISCUSSION 
Fig la shows a typical  spectrum f o r  a subbituminous coal. Most of the s ignals  
were assigned from data published f o r  model compounds (Snape, Ladner and Bartle, 
1979) a s  follows: 15 ppm, methyl groups on alkyl chains; 22 ppm, methyl groups 
on aromatic rings and methylene groups bonded t o  methyl groups in alkyl  chains; 
30 ppm, methylene groups in  alkyl  chains; 129 ppm, aromatic carbon; 154 p p ,  
aromatic carbon bonded t o  oxygen i n  phenols and phenolic ethers.  A s ignal  a t  
144 pprn could be assigned t o  aromatic carbon bonded t o  alkyl groups (Snape, 
Ladner and Bartle, 1979) o r  t o  aromatic s tructures with oxygen subst i tut ion a t  
two adjacent ring sites (Newman, Davenport and Meinhold, 1984) . Spinning 
sidebands (SSB's) appear a t  in te rva l s  of 50 ppn on e i ther  s ide  of the  principal 
aromatic signals,  The f i rs t-order  SSB's of t h e  principal aromatic s ignal  a re  
marked "*lg i n  each spectrum, 
Strong SSB signals can be a useful fea tu re  of carbon-13 CP/MAs Nm spectra ,  . . 
.. 
because differences in aromatic substitution result in different patterns of SSB 
intensities. Burgar (1984) has used SSB intensities to estimate relative 
contributions from various aromatic functional groups in coal. We have now used 
a similar procedure to resolve the ambiguity in the assignment of the signal at 
144 ppm. Simulated spectra (Figs lb and lc) were generated from published values 
of typical chemical shift tensors, following Burgar's procedure. The peaks were 
broadened by convolution with a Gaussian function. Patterns of SSB intensities 
were also determined for two additional model compounds, dihydroconiferyl alcohol 
(Fig. 2a) and 4-isopropyl phenol. These provided SSB patterns for oxygen 
substitution at two adjacent sites and for alkyl-substituted carbon. Figs. 1b . 
and lc show spectra simulated for assignment of the 144 pprn signal to each of the 
alternative structures. Fig. lc shows a poor fit, because the SSB intensities 
for alkyl-substituted aromatic carbon are stronger than those observed. The 
signal was therefore assigned primarily to aromatic structures with oxygen 
substitution at two adjacent sites. Such structures contribute signals at about 
144 pprn in the N N R  spectra of'plant phenolics, e.g .  tannins (Czochanska and 
others, 1979) . , ! 
A weak signal at 144 pprn was resolved in the spectra of a few coals ranked as 
high-volatile bituminous B and C, but no more than a weak shoulder was observed 
in spectra of coals of higher rank, e.g. Fig. 2b. A signal was observed at or 
near 154 pprn in all spectra. The signal at 144 ppm was the first of the pair to 
disappear from spectra of chars formed by pyrolysis at progressively higher 
temperatures (McGavin and others, 1985). Aromatic structures with oxygen 
substitution at two adjacent sites appear to be less stable than structures with 
oxygen substitution at a single site or alternate sites, when these structures 
are subjected to coalification or pyrolysis. 
The signal at 154 pprn tended to weaken with increasing coal rank (Fig. 3a).  Coals 
of ASTM rank high-volatile bituminous A showed the widest spread of data points 
for any single ASTM rank. Substantial loss of the more stable form of phenolic 
oxygen therefore seems to be a characteristic of coalification through this rank. 
I 
200 100 0 
Chemical shift lppml 
200 100 
Chemical shift (ppml ' 
Fig. 1. Resolution-enhanced carbon-13 CP/MAS NMR spectra of 
subbituminous coal from Braziers mine; (a) experimental ; 
(b) and (c) simulated with assignment of the 144 ppm 
signal to oxygen-substituted and alkyl-substituted. 
aromatic carbon (respectively) . 
.- - 
- -  - 
Chemical shift Ippm) 
-- - 
Chemical shift Ippm) 
Fig. 2. Carbon-13 CP/MAS NMR spectra of; (a) dihydroconiferyl 
alcohol (no resolution enhancement) ; (b) high-volatile 
bituminous A coal from Liverpool mine (with resolution 
enhancement) . 
Fixed carbon (% d.a.f.1 Fixed carbon (O/O d.a.f- 
Fig. 3. Signal-height ratios measured from resolution-enhanced 
spectra of lignites (circles), subbituminous coals 
(squares) , high-volatile bituminous coals (triangles) , 
medium-volatile bituminous coals (diamonds) and a 
semi-anthracite (hexagon). Solid symbols represent 
high-volatile bituminous A coal. Numbers in brackets 
are chemical shifts of NMR peaks. 
- 
I Peaks clearly resolved. in  t h i s  study included signals a t  56 ppm (methoxyl groups) 
l and 74 ppm (cellulose).  These were observed i n  spectra of a l l  11 l igni tes ,  but : 
never in  any other spectra. A SSB a t  180 ppm may have obscured signals from - 
carboxylic acids,  but calculated SSB in tens i t i e s  were su f f i c i en t  t o  account . - 
f o r  observed in tens i t i e s  f o r  ranks above subbituminous, Our studies suggest ! . 
t h a t  the loss  of these functional groups accounts for  much of the  oxygen loss  
i n  the  early stages of coal i f ica t ion  of New Zealand coals. 
The ef fec ts  of catagenesis a r e  i l l u s t r a t e d  in Fig. 3b. The signal-height r a t i o  I 
is related t o  the  average length of alkyl sidechains in  the polymeric coal I 
structure.  The signal a t  30 p p  becomes weaker a s  polymethylene chains a r e  
broken during catagenesis. The sca t t e r  of data points f o r  l ign i t e s  is at t r ibuted 
t o  differences i n  depositional environments. Alkyl chains were longer f o r  the 
5 Central Otago l i g n i t e s  than for  the  6 Southland l ign i t e s .  Apart from the  
l igni tes ,  the  widest spread of data points was found in the  ASTM rank high- 
vo la t i l e  b i t h u s  A. lhisobservation is consistent w i t h  the  f a c t  tha t  coals of 
high-volatile bituminous A rank are commonly associated with zones of o i l  I 
generation, i.e. act ive catagenesis. 
! 
Aromaticity values f o r  New Zealand coals tend t o  increase w i t h  ~ ~ T M . r a n k ,  but 
a re  not useful a s  a measure of rank. A study of New Zealand coals has shown 
t h a t  high v o l a t i l e  bituminous c o d s  could not be d is thguished from subbituminous 
coals o r  even Southland l i g n i t e s  on a bas is  of aromaticity values alone (Newman, 
Davenport and Meinhold, 1984). O u r  studies of resolution-enhanced spectra have 
indicated t h a t  parameters based on signal heights (e.g. a s  i n  Fig.' 3) are  more 
useful than parameters based on signal areas (e.g. aramaticity va lues) . for  
elucidation of the chemical processes involved i n  coal if icat ion (Teichmuller, 
1982). 
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ABSTRACT 
Carbon-13 NMR spectroscopy was used t o  charac te r i se  7 New Zealand 
l i g n i t e s ,  i n  an attempt t o  explain  d i f fe rences  i n  y i e l d s  of products 
- 
from fluidised-bed pyrolysis. Each NMR spectrum was divided i n t o  
chemical-shift  increments of 1 p a r t  p e r  mill ion.  Var ia t ions  i n  t h e  a r e a  
i n  each increment were then compared with va r i a t i ons  i n  t h e  published 
y i e l d s  of each pyrolysis  product, The co r r e l a t i on  c o e f f i c i e n t  R was 
ca lcu la ted  for each increment, and t h e  funct ion W(1-R) was p l o t t e d  
aga ins t  t h e  chemical s h i f t  t o  generate  a "yield-correla t ion spectrum", 
This new approach t o  t h e  search f o r  c c r r e l a t i o n s  has confirmed two 
published predict ions;  namely, high y i e l d s  of gaseous hydrocarbons and 
chars  were associated with r e l a t i v e l y  s t rong NMR s i g n a l s  assigned t o  
polymethylene chains and aromatic r i n g s  ( respec t ive ly) .  It has a l s o  
produced a new cor re la t ion  l ink ing  high y i e l d s  of tar t o  NMR s i g n a l s  
assigned t o  a l i c y c l i c  o r  branched a l i p h a t i ~ ~ s t r u c t u r e s .  
Pyrolysis  of coa l  y ie lds  char,  tar and gases in var ious  proport ions ,  
depending on t h e  pyrolysis  condi t ions  and the o r ig in  of t h e  -coal. A 
number of reserach groups have sought t o  i d e n t i f y  t h e  p a r t i c u l a r  c o a l  
p roper t ies  which determine py ro lys i s  yie lds .  Corre la t ions  have been 
based eg on elemental analyses (Tyler,  1980), maceral ana lys i s  (F ie ldes  
e t  a l . ,  1983; Tyler ,  1980), and on carbon-13 NMR spectroscopy (~u r imsky  
--
e t  a l . ,  1984; Calkin e t  a l . ,  1984). 
-- --
We have assessed a new approach t o  t h e  search f o r  c o r r e l a t i o n s  between 
the  abundance of chemical func t iona l  groups i n  coa l  and t h e  y i e l d s  of 
corresponding pyrolysis  products. W e  have used carbon-13 NMR t o  
charac te r i se  t h e  samples of coa l ,  but  r a t h e r  than tes t  pre-conceived ideas  
about t h e  importance of a few s p e c i f i c  func.tiona1 groups we have divided . 
each NMR spectrum i n t o  narrow chemical-shift  increments and t e s t e d  each 
increment f o r  a cor re la t ion  with py ro lys i s  yie lds .  We c a l l  t h e  r e s u l t  
a " y  ie ld-correla t ion spectrum" f o r  t h e  spec i f i ed  product. T a l l  peaks 
mark any chemical s h i f t s  fo r  which r e l a t i v e l y  s t rong NMR s i g n a l s  a r e  
associated w i t h  r e l a t i v e l y  high y i e l d s  of t h a t  p a r t i c u l a r  product. 
This s t a t i s t i c a l  approach is comple.nentary t o  t h e  approach descr ibed by 
McGavin e t  al, e a r l i e r  i n  t h e  conference. McGavin e t  a l .  sought 
-- 7-
co r re l a t i ons  between NMR spectra  and product y i e l d s  for.  a s i n g l e  l i g n i t e  
pyrolysed a t  severa l  temperatures, bu t  w e  have used da ta  f o r  s e v e r a l  
l i g n i t e s  pyrolysed a t  a s ing le  t u n p e r a t x e .  
1 
Our work is based on published d a t a  f o r  pyro lys i s  y i e l d s  from 7 New 
Zealand l i g n i t e s  (F ie ldes  -- e t  a l . ,  1983). 
EXPERIMENTAL \. 
Sources of  t h e  7 l i g n i t e s  a r e  l i s t e d  i n  t he  Table. Each sample w a s  taken 
from t h e  bulk supply used by F ie ldes  e t  a l . ,  (1983). 
TABLE 
. . 
Sources of t h e  l i g n i t e s .  
Sample Source 
Code 
Coal F i e l d  CRA Code 
Ashers Siding 




Dr i l lho le  2086 
Harliwich mine 
Ashers Waituiia 30/647 
Waimumu 30/648 
Waimumu 30/645 
Waimumu 3 0/646 




Me se lec ted  from t h e  r e s u l t s  of F ie ldes  e t  a l .  only d a t a  f o r  rap id  
--
pyro lys i s  in a f l u i d i s e d  bed of sand a t  500°c. 
Samples were spun a t  2.5 kHz i n  t h e  magic-angle spinning probe of a 
Varian XL-2C0 spectrometer,  f o r  NMR a t  50.3 MHz. Each cross-polar isat ion 
contact  time of 1 m s  was followed by 15 m s  of d a t a  acqu i s i t i on  and a 
recovery delay of 0.15 S. Between 5000 and 40000 t r a n s i e n t s  were 
averaged i n  each experiment, Preliminary NMR spec t r a  of these  l i g n i t e s  
have been published by Newman e t  a l .  (19841, a s  spec t r a  A2, A4, AS, A6, 
v- 
A9, A l l  and A12. 
Computer program 
Yield-correlation s p e c t r a  w e r e  generated by a P ~ S C A L  program. The m 
. spec t r a  were divided i n t o  n increments, and incremental  a reas  were 
normalised s o  tha t :  
where a i k  is t h e  a r ea  of t h e  i l t h  increment i n  t h e  k ' t h  spectrum, A 
co r re l a t i on  c o e f f i c i e n t  R i  was then computed f o r  t he  m d a t a  pairs 
ava i l ab l e  f o r  t h a t  va lue  of i t  ie ( a i k r  yk), where yk is  t h e  y i e l d  of 
one p a r t i c u l a r  product f o r  the k ' t h  coal. Values of R i  approaching 
un i ty  were no t  c l e a r l y  d i s t i ngu i shab le  when R i  was p lo t t ed  a g a i n s t  i. 
Improved discr iminat ion was achieved by p l o t t i n g  values  of F i  aga ins t  
i, where: . 
In t h i s  case, m=7 and n=400 f o r  chemical s h i f t  increments of 1 ppm, from 
6=-100 t o  6=+300, 
RESULTS 
Chars 
Fig. 1 shows t h a t  high char y ie lds  a r e  associated with strong NMR 
signals  i n  the region 6=100-160, assigned t o  aromatic carbon. This is 
consistent  with reports of strong corre la t ions  between the  "aromaticity" 
of coal  and the percent f ixed carbon (Furimsky e t  al . ,  1983). 
l I Gases 
Fig. 2 shows t h a t  NMR s ignals  a t  6=27,29 and 31 a r e  associated with 
re la t ive ly  high yields of ethane, Similar (but weaker) correlat ions were 
found f o r  ethylene, with peaks a t  6=24 (~=0.977) and 6 3 4  (R=0.973). 
Propane and propylene were not  determined separately f o r  a l l  l i g n i t e s ,  
but the  yield-correlation spectrum f o r  t h e  t o t a l  showed a peak a t  6=30 
(~=0.85).  These resu l t s  a r e  consistent  with production of gaseous alkanes 
and alkenes by fragmentation of polymethylene chains, 
Calkin e t  a l .  (1984) found a similar corre la t ion  (R=0.94) between the  
--
NMR signal  a t  6-31 and the y ie ld  of ethylene, Those authors a l s o  found 
weaker correlat ions with nearby s ignals ,  eg R=0.86 fo r  the  s ignal  a t  
6=44. These weaker correlat ions may be explained by overlap between the  
s ignals  a t  8=31 and 6=44, r e su l t ing  from tfie use of a low-field 
spectrometer i n  the  work of Calkin e t  a l .  (19841, 
--
Yield-correlation spectra f a r  methane, CO, C02 and 02 showed no s i g n i f i c a n t  
peaks in  t h e  range 6=0 t o  200, 
Fig. 3 shows t h a t  high tar yie lds  a r e  associated with M R  s ignals  i n  the  
range 8-13 t o  6=47; but there is a d i p  i n  the  region 6-30. This suggests 
variat ions in t h e  abundance of polymethylene chains have no s i g n i f i c a n t  
e f fec t  on tar yields.  The range of chemical s h i f t s  contr ibut ing t o  Fig. 3 
is charac ter i s t ic  of  a l i cyc l i c  o r  branched a l i p h a t i c  s t ruc tures .  
Kauri res in  (Fig. 4) is an example of  an a l i c y c l i c  p lant  product, 
incorporated i n  l i g n i t e  as  "resini te" .  Alicycl ic  and a l ipha t i c  s t ruc tu res  
could also be'associated with pollen and spores, incorporated i n  l i g n i t e  
a s  "sporinite". Resinite and s p o r i n i t e  a re  included as  l i p t i n i t e  i n  
maceral analysis. O u r  r e s u l t s  a r e  therefore  consistent  with t h e  
correlat ion between l i p t i n i t e  content and tar yie ld ,  a s  reported by 
Fieldes e t  a l .  (19831, 
--
Tyler e t  a l .  (1980) found a corre la t ion  between elemental H/C r a t i o s  and 
--
t a r  yields,  but Furimsky e t  a l .  (1984) found no such corre la t ion  f o r  low- 
--
rank coals. O u r  r e su l t s  help t o  resolve t h i s  contradiction. Both 
polymethylene chains and a l i c y c l i c  s t ruc tu res  have high H/C r a t i o s .  
Tar y ie lds  would therefore be corre la ted  with H/C, provided t h e  
polymethylene content is negligible  o r  constant. 
Prediction of v i e l d s  
O u r  r e s u l t s  sugges t - tha t  t a r  and char y ie lds  could be predicted from 
parameters T and C describing composites of a rea  increments, 
T = Gai . i = 14-20, 34-47 
1 
C = Fai i = 111-140 
1 
The bes t - f i t  re la t ionships  are: 
f o r  tar, w i t h  R d .  94 (Fig. 5a) , and: 
f o r  char, with R4.93 (Fig. 5b). The y i e l d  Y is expressed as percent of 
daf coal. 
- 
The parameters T and C can be measured d i r e c t l y  from NMR spect ra ,  by 
cu t t ing  s t r i p s  of paper as shown'in Fig. 6 and comparing each weight 
with the  weight of paper enclosed by the  t o t a l  spectrum. Good signal- 
to-noise r a t i o s  can be achieved with between 15 and 60 minutes of data 
accumulation, so  carbon-l3 NMR shows promise a s  a f a s t  screening - 
procedure f o r  se lec t ion  of potent ia l  pyrolysis  feedstock. 
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CHAR 
FIGURE! 1. Yield-correlation spectrum for char. The tallest peak 
corresponds to R4.956 for 6=113. 
ETHANE 
FIGURE 3. yield-correlation spectrum for tar. The tallest peak 
corresponds to R4.934 for 6-14. 
Kauri resin 
I FIGURE 4. Carbon-13 NMR spectrum of fresh, solid kauri resin. 
FIGURE 5 .  Prediction of tar and char yields f r o m  the parameters T and C. 
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The  program DOFIC ( D e t e r m i n a t i o n  o f  F u n c t i o n a l i t i e s  i n  C o a l )  h a s  
been  d e v e l o p e d  t o  s i m u l a t e  t h e  ca rbon-13  CP/MAS NMR s p e c t r a  o f  
c o a l .  A series o f  d a t a b a s e s  e n a b l e s  DOFIC t o  r e p r o d u c e  t h e  r a n g e  
o f  i s o t r o p i c  and  s p i n n i n g  s i d e  band (SSB) s i g n a l s  t y p i c a l  o f  coal 
s p e c t r a  o b t a i n e d  a t  a carbon-13  NMR f r e q u e n c y  o f  50.3 MHz and  2.5 
kHz MAS f r e q u e n c y . '  The SSB d a t a b a s e  was g e n e r a t e d  f rom 
c h e m i c a l - s h i f t  a n i s o t r o p i e s  c o l l a t e d  f o r  a  l a r g e  number of model 
compounds. T r e n d s  o b s e r v e d  i n  t h e  s p e c t r a  of 5 4  N e w  Z e a l a n d  
c o a l s  f o r m  t h e  b a s i s  o f  e m p i r i c a l  c h e m i c a l - s h i f t  and  l i n e - s h a p e  
d a t a b a s e s .  DOFIC was t e s t e d  on t h e  s p e c t r a  o f  t h e s e  5 4  c o a l s ,  
r a n g i n g  i n  A.S.T.M. r a n k  f rom l i g n i t e  t o  s e m i - a n t h r a c i t e .  The 
r e s u l t s  'compare f a v o u r a b l y  w i t h  t h e  r e s u l t s  o f  e l e m e n t a l  
a n a l y s e s .  
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1 INTRODUCTION 
Qualitative descriptions of the CP/MAS spectra of coals are now 
common However, very few workers have attempted 
quantitative analysis further than the standard measurement of 
llaromaticity'l, fa. Several groups have estimated additional 
carbon fractions, either by extrapolating data obtained in 
relaxation experiments2, or by arbitrarily assigning boundaries 
with vertical lines3r4. Both methods involve substantial 
uncertainties. 
Two new approaches to quantitative analysis have recently 
appeared in the literature. Both methods aim at a more reliable 
analysis by 'attempting to simulate the coal spectra. Ohtsuka - et.
a1.5 simulated the spectrum for one possible structural model of 
- 
Yallourn coal and attempted to compare this spectrum with the 
experimental spectrum, However, they dismissed the likelihood of 
spinning side band.(SSB) contributions and did not account for . 
all of the signal intensity in the experimental spectrum, 
C. 
F3urgar6 has developed a method which utilises the large SSR 
signals obtained at 75 MHz carbon-13 NMR frequency and 3 kHz MAS 
frequency. He used model-compound chemical-shift anisotropy data 
of Wemmer, Pines and whitehurst7 to calculate the expected SSR 
intensity patterns for three types of aromatic carbon, following 
the graphical method of Herzfeld and ~ e r ~ e r ~ .  Together with 
aliphatic and alkoxyl carbon, the three aromatic carbon SSR 
patterns were fitted to the observed spectrum of an Australian 
bituminous coal. 
This report describes the development of a similar but far more 
comprehensive method for the full characterisation of coal. The 
program W F I C  (Determination of Functinalities in Coal) simulates 
the isotropic and SSR intensities observed in the carbon-13 
CP/MAS NMR spectra of coals. This version of DOFIC is written 
specificslly for carbon-13 NMR at 50.3 MHz and a MAS frequency of 
2.5 + 0.1 k H z ,  but could be modified to suit other combinations 
of operating frequencies. 
In order to optimise essential fitting parameters, such as signal 
positions and line shapes, DOFIC was tested on the spectra of 
coals that span the range of ASTM ranks found in New Zealand. 
The test functional group analyses, obtained for the 54 New 
Zealand coals, are summarised and discussed. 
2 OVERVIEW OF PROGRAM STRUCTURE 
The program DOFIC is structured in four phases. 
i ) Peak-height ratios are tested to provide an initial 
estimate of the "rank" of the coal, based on empirical 
correlations. 
ii) The initial estimate of "rank" is used as 'a basis for 
selection of appropriate fitting parameters from the 
three databases. The databases contain; 
a) the S ~ ~ i n t e n s i t y  patterns for particular carbon 
functionalities, 
b) The chemical shifts and assignments of signals, 
c) the lineshape and line width parameters. 
The use of empirical databases, containing the fitting 
parameters, is more appropriate to the "routine 
analysis" aim than the time-consuming, trial-and-error 
parameter fitting of each spectrum. 
iii) A set of simultaneous equations is then constructed to 
relate experimental signal heights to predicted 
contributions from the overlap of centreband and SSB 
signals at selected chemical shifts. Decisions are 
based on trends in signals observed previously in the 
CP/MAS studies of coal lr9-11. Where it is known that 
several signals occur at a' similar chemical shift, the 
contribution of each resonance to the band is estimated. 
iv) The intensities of the carbon signals, obtained from the 
'solution of the simultaneous equations, are converted 
into functional group data for the coal. Structural 
characteristics are estimated from combinations of 
functional group abundances. An elemental analysis 
( C , H , O )  is calculated by summation of H and 0 atoms 
attached to each type of functional group. 
This report is intended t o  t race  and discuss the development of 
DOFIC, and a l so  t o  describe how DOFIC can be used as  a n  
ana ly t ica l  technique f o r  coal. 
1 3 SIGNAL ASSIGNMENTS 
I The  p r i n c i p a l  f e a t u r e s  o f  t h e  s p e c t r a  a n d  t h e i r  a s s i g n m e n t s  h a v e  
1 been  d i s c u s s e d  i n  d e t a i l  i n  a n  e a r l i e r  report1. T h e  SSR s i g n a l s  
d o m i n a t e  t h e  s p e c t r a  i n  t h e  r e g i o n s  65  t o  1 0 5  ppm and  a b o v e  1 6 5  
ppm, i.e. 50 ppm e i t h e r  s i d e  o f  t h e  a r o m a t i c  c e n t r e b a n d s .  - 
S i g n a l s  a s s i g n e d  t o  o x y g e n - s u b s t i t u t e d  c a r b o n  were s t r o n g e r  t h a n  
t h e  SSB s i g n a l s  i n  t h e  s p e c t r a  o f  some o f  t h e  l i g n i t e s .  The  
a s s i g n m e n t s  i n  T a b l e  1 were b a s e d  o n  t h e  c o n s i d e r a b l e  amount of 
ca rbon-13  c h e m i c a l  s h i f t  d a t a  i n  t h e  l i t e r a t u r e  12'15, as w e l l  a s  
S t h e  r e s u l t s  o f  model-compound s t u d i e s  p e r f o r m e d  i n  t h i s  
l a b o r a t o r y  11,16 #l7. 
- 
The s i g n a l s  t h a t  o c c u r  be tween  0 and  50 ppm h a v e  been  a s s i g n e d  
a c c o r d i n g  t o  t h e  a l i p h a t i c  s t r u c t u r e s  t h a t  a r e  l i k e l y  t o  be  
p r e s e n t  i n  c o a l .  T h e  f i v e  s i g n a l s  i n  t h i s  r e g i o n  a r e  a s s i g n e d  
( i n  T a b l e  1) to: 
i 1 p o l y m e t h y l e n e  c h a i n s 1 3  r l5 e .g .  f rom p l a n t  l i p i d s .  
ii 1 b r a n c h e d  a l i p h a t i c  cha ins1*  t l9 e .g .  t h e  p h y t a n e  
-. 
s i d e c h a i n  o f  c h l o r o p h y l l .  
i ii 1 c y c l o a l k a n e  u n i t s  e .g .  t h e  b i c y c l i c  and  t r i c y c l i c  
t e r p e n o i d  s t r u c t u r e s  o f  t h e  r e s i n  a ~ i d s ~ O - ~ ~ .  
i v )  a l i p h a t i c  s t r u c t u r e s  s u b s t i t u t e d  o n t o  a r o m a t i c  
r i n g s 1 3 f 1 5 .  
The  s i g n a l s  be tween  65 and  1 0 5  ppm a r e  c o n s i s t e n t  w i t h  t h o s e  
o b s e r v e d  i n  t h e  s p e c t r u m  o f  c e l l u l o s e  2 4 .  S i g n a l s  o r i g i n a t i n g  
f rom u n s a t u r a t e d  c a r b o n ,  o t h e r  t h a n  a r o m a t i c  c a r b o n ,  may be 
p r e s e n t  h u t  would h e  o b s c u r e d  by t h e  ma in  a r o m a t i c  s i g n a l s .  A l l  
I s i g n a l s  have  been  a s s i g n e d  t o  c a r b o n  bonded  t o  hydrogen  or  1 oxygen .  O t h e r  e l e m e n t s  s u c h  a s  n i t r o g e n  and  s u l p h u r  may be 
i n c l u d e d  i n  t h e  c a r b o n  m a t r i x  a s  h e t e r o c y c l i c  or a l i c y c l i c  1 f u n c t i o n a l i t i e s .  T a b l e  2 shows t h e  d i s t r i b u t i o n  o f  s i g n a l s  1 e x p e c t e d  f rom s u c h  s t r u c t u r e s ,  i n  c o m p a r i s o n  w i t h  t h e  a p p r o p r i a t e  1 c a r b o n  and oxygen  s u b s t i t u t e d  f u n c t i o n a l i t i e s .  I t  c a n  be s e e n  
that the sulphur and nitrogen derivatives of aliphatic 
functionalities give chemical shifts intermediate between values 
for the corresponding carbon- and oxygen-substituted carbon. The 
alicyclic and heterocyclic derivatives, however, exhibit a 
different pattern. The signals from sulphur-substituted carbon 
occur in the same chzmical-shift region as hydrogen- and 
carbon-substituted carbon. The corresponding nitrogen 
derivatives give chemical shifts in simi'lar positio'ns to those of 
oxygen-substituted carbon. It is, however, unlikely that signals 
from sulphur- and nitrogen-substituted carbon will contribute 
significantly to the coal spectrum because of the small abundance 
of sulphur and nitrogen relative to carbon, hydrogen and oxygen. 
- 
4 INITIAL ESTIMATE OF "RANK" 
T h e  m a j o r i t y  o f  t h e  s i g n a l s ,  l i s t e d  i n  T a b l e  1, are p r e s e n t  i n  
t h e  s p e c t r a  o f  l o w  r a n k  c o a l s .  However , ,  t h e  r a n g e  o f  s i g n a l s  
o b s e r v e d  i n  t h e  s p e c t r u m  d e c r e a s e s  a s  t h e  c o a l  r a n k  i n c r e a s e s .  
F o r  example ,  t h e  s p e c t r u m  o f  a s e m i - a n t h r a c i t e  c o a l  c o n t a i n s  o n l y  
a t h i r d  o f  t h e  s i g n a l s  l i s t e d  i n  T a b l e  1. DOFIC w i l l  n o t  s u c e e d  
i f  it is u s e d  i n  a n  a t t e m p t  to  i n c l u d e  c o n t r i b u t i o n s  f r o m  a 
number o f  s i g n a l s  t h a t  a r e  a b s e n t  b e c a u s e  t h i s  l e a d s  t o  t h e  
f o r m a t i o n  o f  a  s i n g u l a r  m a t r i x  wh ich  c a n n o t  be i n v e r t e d  t o  s o l v e  
t h e  s e t  of  s i m u l t a n e o u s  e q u a t i o n s .  I n  t h e  f u t u r e ,  a  more 
s o p h i s t i c a t e d  method may be  d e v e l o p e d  t o  a l l o w  f o r  m a t r i x  
s i n g u l a r i t i e s .  A t  p r e s e n t ,  however ,  DOFIC h a s  been  d e s i g n e d  f o r  
a n  i n i t i a l  t e s t  o f  t h e  l i k e l i h o o d  o f  s i g n a l s  b e i n g  a b s e n t .  T o  
a c h i e v e  t h i s ,  DOFIC r e q u i r e s  o n l y  a n  e s t i m a t e  o f  t h e  coal  r a n k  
a n d  a l i s t  o f  s i g n a l s  l i k e l y  t o  b e  p r e s e n t  i n  t h e  s p e c t r a  o f  c o a l  
i n  e a c h  r ank .  The  ASTM r a n k i n g  scheme w a s  found  t o  be  
\ 
u n s a t i s f a c t o r y  f o r . t h i s  p u r p o s e ,  s i n c e  t h e  b o u n d a r i e s  be tween  
ASTM r a n k s  do  n o t  n e c e s s a r i l y  c o r r e s p o n d  t o  d i s t i n c t  c h a n g e s  i n  
NMR s p e c t r a .  A r a n k i n g  scheme w a s  t h e r e f o r e  d e v i s e d  so t h a t  
c o a l s  c o u l d  be d i v i d e d  i n t o  4 " r a n k s "  b a s e d  on NMR s i g n a l s ,  a s  
f o l l o w s  . 
I t  is known t h a t l 0  t h e  s i g n a l  h e i g h t  a t  154  ppm, m e a s u r e d  
r e l a t i v e  t o  t h e  main a r o m a t i c  s i g n a l  h e i g h t  a t  1 2 8  ppm, p r o v i d e s  
a  good estimate o f  oxygen loss  a n d  t h e r e f o r e  t h e  d e g r e e  o f  
c o a l i f i c a t i o n .  The  s t u d y  d e s c r i b e d  i n  Ref .  1 0  was b a s e d  on 
r e s o l u t i o n - e n h a n c e d  s p e c t r a .  S i n c e  DOFIC is i n t e n d e d  f o r  u s e  on 
s p e c t r a  p l o t t e d  w i t h o u t  r e s o l u t i o n - e n h a n c e m e n t ,  t h e  p o t e n t i a l  . 
u s e  o f  t h i s  r a t i o  was r e a s s e s s e d .  F i g u r e  1 shows t h a t  t h e  r a t i o ,  
t e r m e d  " p h e n o l "  i n  DOFIC, would be  p a r t i c u l a r l y  u s e f u l  i n  a n  
i n i t i a l  s e p a r a t i o n  of  t h e  " h i g h  r a n k "  coals.  
I t  was n o t i c e d  t h a t  a  d i s t i n c t  p e a k  a t  144  ppm o c c u r r e d  i n  t h e  
s p e c t r a  of  low-rank c o a l s ,  b u t  n o t  i n  s p e c t r a  o f  c o a l s  r a n k e d  a s  
h i g h - v o l a t i l e  b i t u m i n o u s  or  h i g h e r .  A s e c o n d  r a t i o  o f  s i g n a l  
h e i g h t s  a t  144 ppm a n d  128 ppm, t e r m e d  " d i p h e n o l " ,  is t h e r e f o r e  
u s e d  i n  c o n j u n c t i o n  w i t h  t h e  " p h e n o l "  r a t i o  t o  d e f i n e  a 
"medium-high r a n k "  o f  c o a l .  F i g u r e  2  shows t h e  v a r i a t i o n  o f  
" d i p h e n o l "  w i t h  t h e  " p h e n o l "  r a t i o .  T h i s  c o m b i n a t i o n  o f  r a t i o s  
f a i l s  t o  s e p a r a t e  o n l y  o n e  s u b b i t u m i n o u s  c o a l  f rom t h e  
"medium-high r a n k " .  The  e x c e p t i o n a l  s a m p l e ,  f rom t h e  Mokau 
c o a l f i e l d ,  showed a r e l a t i v e l y  s t r o n g  a l i p h a t i c  s i g n a l  a t  30 pprn 
compared w i t h  o t h e r  c o a l s  p l a c e d  i n  t h e  "medium-high r a n k " .  A 
f u r t h e r  p a r a m e t e r ,  t e rmed  " a l i "  was t h e r e f o r e  u s e d  t o  d i s t i n g u i s h  
"medium-high r a n k n  coals f rom lower r a n k s .  The p a r a m e t e r  " a l i  " 
is d e f i n e d  as t h e  r a t i o  o f  s i g n a l  h e i g h t s  a t  30 pprn a n d  128  pprn. 
C o a l s  were e x c l u d e d  f rom t h e  "medium-high r a n k "  u n l e s s  " a l i "  
(2.0. The " h i g h  r a n k "  coals  d e v i a t e  f rom t h e  " d i p h e n o l " / " p h e n o l "  
b e h a v i o u r ,  o b s e r v e d  f o r  t h e  lower r a n k  c o a l s  i n  F i g u r e  2 ,  i n  t h a t  
t h e r e ' i s  no band a t  144 pprn a n d  t h e  s i g n a l  h e i g h t  a t  1 4 4  pprn is 
a c t u a l l y  measu red  on  t h e  s i d e  of t h e  i n c r e a s i n g l y  s t r o n g  a r o m a t i c  
C-C band a t  138 ppm. The  d i p h e n o l  r a t i o  o f  t h e  l o w e r  r a n k  c o a l s  
shows f a r  more sca t t e r  d u e  t o  t h e  e x i s t e n c e  o f  a  d i s c r e t e  s i g n a l  
of v a r i a b l e  s t r e n g t h  a t  144  ppm. T h e  p a r a m e t e r  " d i p h e n o l "  c a n  
n o t  be u s e d  t o  s e p a r a t e  t h e  l o w e s t  r a n k  c o a l s  a s  t h e  s i g n a l  
h e i g h t  a t  144  pprn is measu red  on  t h e - f l a n k  o f  a  s t r o n g  p e a k  a t  
148  ppm o b s e r v e d  i n  t h e  l i g n i t e  s p e c t r a .  
A f o u r t h  s i g n a l - h e i g h t  r a t i o ,  t e r m e d  "methoxyl"  is employed  t o  
s e p a r a t e  t h e  " l o w  r a n k "  c o a l s  f r o m  t h e  "medium-low r a n k "  coals. 
I t  is known9 t h a t  t h e  m e t h o x y l  c o n t e n t  ( a s s o c i a t e d  w i t h  
l i g n i n - l i k e  u n i t s )  is r e l a t i v e l y  h i g h  i n  l i g n i t e s ,  a n d  t h e s e  
c o a l s  a r e  r e a d i l y  d i s t i n g u i s h e d  f r o m  more c o a l i f i e d  s a m p l e s  by 
t h e  r a t i o  of  s i g n a l  h e i g h t s  a t  56 ppm and  128  pprn ( F i g u r e  3 ) .  
T h u s ,  f o u r  " r a n k s "  c a n  be  g e n e r a l l y  d i s t i n g u i s h e d  o n  t h e  b a s i s  of 
f o u r  s i g n a l  h e i g h t  r a t i o s .  T h e s e  " r a n k s "  a r e  l o o s e l y  c o r r e l a t e d  
w i t h  ASTM r a n k s ,  a s  f o l l o w s :  
"Rank" for DOFIC ASTM Rank 
Low (11) Ligni tes 
Medium-low (16) Subbituminous 
Medium-high (13) High-Volatile B,C, and 
some A Bituminous 
High (14) Some High-Volatile A 
~ituminous and higher ranks 
The numbers in brackets represent the number of samples in each 
"rank", of the total of 54 samples studied. 
DATABASES FOR DOFIC 
5.1 Spinning Sideband Intensities 
When the NMR spectrum of a powder is obtained without magic angle 
spinning, a broad "powder pattern" is observed. This is the sum 
of resonance bands for all the possible orientations of the 
molecules. The shape of the powder pattern is described in terms 
of three principal shift components, 611, 622, 633 of the 
chemical shift tensor. 
1 The isotropic chemical shift 2, is given by: 
If the sample is spun at frequencies less than the frequency 
range of the static chemical shift powder pattern (A6 = 611-633) 
then the result is a centreband and a set of spinning side bands 
spaced at multiples of the spinning frequency, on either side of 
the centreband. The theory of chemical shift anisotropy and 
-. 
shielding tensors has been reviewed in detail by several 
authors 7,25,26. 
In attempts at quantitative analysis, three main problems arise 
from the presence of SSR signals in the coal spectra. Firstly, 
the signal intensity is shared between the centreband and the SSB 
signals. For example, at 2.5 kHz MAS frequency and 50.3 MHz 
carbon-13 frequency, two-thirds of the intensity assigned to 
condensed aromatic carbon is contained in SSB signals spaced at 
multiples of 50 ppm (2.5~103/50.3~106) from the centreband. 
, Secondly, the intensity ratios of the SSBs are not constant for 
all carbon atoms, but depend on the chemical shift tensor for the 
particular carbon functionality. Thirdly, the likelihood of 
overlapping of sidebands and centrebands is high, when ever more 
than one type of carbon functionality is present. This is 
particularly the case with such a heterogenous substance as coal, 
where many of the centrebands, as well as .sidebands, overlap. 
Any attempt at 'quantitative analysis of the functional groups in 
coal from the CP/MAS spectra must include an assessment of this 
distribution of'sideband intensity. 
Since the amount of intensity in the SSBs is determined by the 
chemical shielding anisotropy of a particular carbon 
functionality, it is necessary to determine typical chemical 
shift tensors for the wide range of carbon types observed in the 
coal spectra. The methods available for determining chemical 
. shift tensors have been reviewed by veeman18. Many carbon-1 3 
chemical shift parameters have been published7r18,19. In 
addition, principal values of the chemical shift tensors of a 
number of substituted benzenes have been measured in this 
laboratory14r16. SSB intensities were determined from tile 
principal values of the chemical shift tensors by employing the 
method of Herzfeld and ~ e r ~ e r ~  in reverse. That is, the SSB to . 
centreband intensity ratios (I kn/Io) are recovered from the 
published contour plots, for functions of the three principal 
values of the chemical shift tensor. 
Table 3 contains the averages and standard deviations of the SSB 
-. 
intensities, for carbon in each particular functional group. It 
should be noted that Table 3 contains the summary of all the 
model compound data available at present. The database is 
limited and does not necessarily represent the range of 
structures present in the coal, i.e. the average chemical shifts 
listed in Table 3 may not correspond directly to the chemical 
shifts of signals observed in the coal spectrum. 
It can be seen that the variation (as indicated by the standard 
deviation) in SSB intensities is generally small for a given 
functionality. Aliphatic structures show very small anisotroples 
but alkoxy carbons exhibit significant anisotropies when bonded 
to aromatic rings. Aromatic ring carbons have large shielding 
anisotropies, and adjacent substitutents also have an effect on 
the size of the SSB signals. For example, the SSB intensity 
patterns change substantially for aromatic carbon bonded to 
hydrogen at sites with no, one,or two adjacent substituents 
(Table 3). Carbon atoms in aromatic condenged-ring structures 
have the largest anisotropies and therefore the greatest amount 
of intensity in SSB signals. The reasons for these trends in 
shielding anisotropies are discussed by veemanZ5 and Wemmer, 
Pines and whitehurst7. 
The SSB intensity patterns for the carbon functionalities, 
contained in Table 3, are utilised by the program DOFIC to 
simulate the SSB patterns observed in the coal spectra. The form 
of the SSB database in shown in Appendix 1. 
5.2 The Chemical Shift Database 
Resolution enhancement procedureslr9 were employed to separate 
overlapping bands, in order to determine typical positions of the 
signal& observed in the coal spectra the standard deviations, 
listed with the chemical shifts in Table 4, are, in general, not 
large when signals from many spectra are averaged. The 
"standard" set of signals is defined as the set of signals 
observed as distinct peaks or as shoulders in the majority of the 
spectra of all coal ranks. 
- 
The tallest aliphatic signal occurs at slightly higher chemical 
shifts in lignite spectra than in the spectra of other ranks 
(Table 4). DOFIC therefore searches the region between 26 and 34 
ppm for the main aliphatic signal in the spectra of "low-rank" 
coals. The alcohol and ether signals between 60 and 105 ppm, 
assigned to cellulose-l ike f ragments24 , are only separated as 
distinct peaks in the lignite spectra. The signal at 105 ppm was 
observed in association with a strong signal at 74 ppm, i.e. when 
complete cellulose structures have persisted into the lignite 
rank. The cellulose signals probably contribute to the spectra 
of some sub-bituminous coals, since the intensity in this region 
can be stronger than that expected for SSBs alone. Similarly, 
the band at 177 pprn is strong in the lignite spectra because of a 
signal assigned to carhoxylic salts and acid groups overlapping 
with the aromatic SSBs. Support for the presence of such a hand 
was gained from a spectrum of a humic acid separated from a 
Waimumu lignite, which was spun faster than 3 k~zl7. A strong 
signal at 177 ppm could not be assigned to a SSB of other 
observed signals. In higher rank coal spectra, this region is 
dominated by SSBs although some carboxylic groups are likely to 
be present in subbituminous coals. signals from carbonyl carbon 
in aldehyde or ketone functionalities would be expected in the 
chemical shift region of 200 ppm. However, no such peaks were 
found in the spectrum of the humic acid, and the observed 
intensity in this region of the lignite .spectra could be entirely 
accounted for by SSBs of the signals assigned to 
oxygen-substituted aromatic carbon. Other workers3r 27 have also 
not observed evidence for the existence of these signals in the 
carbon-13 NMR spectra of coals. 
The signal at 144 ppm labelled "diphenolic" is intense in the 
spectra of subbituminous coals and occurs occasionally in the 
spectra of low rank bituminous coals. Since this signal is 
thought to originate from tannin-like structure28 29 , it probably 
contributes in lignite spectra also, but is overshadowed by the 
band centred at 148 ppm assigned to the methoxylated aromatic 
functionali ties common in lignin-like -. structures1 r 30 . 
The spectra of lignites exhibit a far greater range of aromatic 
C-H functionalities due to the large aromatic oxygen content and 
lack of condensed-ring structures. The range of aromatic 
chemical shifts narrows as the rank of the coal increases4. 
Signals from aliphatic structures and phenolic groups are much 
weaker for high ranks. The phenolic signal is not distinct in 
the spectrum of the semi-anthracite. 
The chemical shift database includes an assignment for each band 
(following Table 1) and an indication of the numbers of hydrogens 
("NOSH" 1 and oxygens ( "NosO") associated with 'the particular 
functional group. For example, the methyl signal at 15 ppm has a 
"NOSH" of 3 and a "NosO" of 0, while the isolated phenol group 
associated with the signal at 154 ppm has both a "NOSH" and a 
"NosO" of 1. Some alteration of these values occurs in DOFIC when 
there can be .more than one assignment of a signal, but this will 
he dealt with later. 
5.3 Line-Shape a n d  Line-Width D a t a b a s e  
The t w o  l i n e  s h a p e s  most commonly o b s e r v e d  i n  NMR a r e  t h e  
G a u s s i a n  and  t h e  L o r e n t z i a n ,  d e f i n e d  r e s p e c t i v e l y  a s  31: 
where  F(v-vo)  is t h e  a m p l i t u d e  a t  t h e  p o s i t i o n  (P%) f r o m  t h e  
c e n t r e  o f  t h e  r e s o n a n c e  (v,), a n d  L is t h e  h a l f  l i n e - w i d t h  a t  
h a l f - h e i g h t  o f  t h e  r e s o n a n c e .  The  L o r e n t z i a n  l i n e - s h a p e  is 
n a r r o w e r  a t  t h e  t o p  and  h a s  f a r  more i n t e n s i t y  i n  t h e  w i n g s  of 
t h e  band t h a n  t h e  G a u s s i a n  l i n e - s h a p e .  
The program DOFIC can b e  used  t o  s i m u l a t e  e i t h e r  L o r e n z t i a n  or 
G a u s s i a n  l i n e - s h a p e s ,  o r  a  m i x t u r e  o f  b o t h ,  where  t h e  amount  of 
e a c h  is set by  " f r a c g a u s s " ,  i.e. t h e  f r a c t i o n  o f  G a u s s i a n  
c h a r a c t e r .  L ine -wid ths  a t  h a l f - h e i g h t  and  t y p i c a l  v a l u e s  o f  
" f r a c g a u s s "  were d e t e r m i n e d  by  e x t e n s i v e  t r i a l - a n d - e r r o r  f i t t i n g  
o f  t h e  54 coal s p e c t r a .  The l i n e w i d e h s  o b s e r v e d  i n  t h e  coal 
s p e c t r a  are n o t  " n a t u r a l "  l i n e w i d t h s ,  i .e. it c a n n o t  b e  assumed 
t h a t  t h e  l i n e w i d t h s  are  s imi l a r  t o  t h o s e  o b s e r v e d  i n  m o d e l  
compound s p e c t r a .  The l i n e w i d t h s  a l so  r e f l e c t  t h e  h e t e r o g e n e i t y  
o f  s t r u c t u r e s  p r e s e n t  i n  t h e  coal ,  i n  t h a t ,  a r a n g e  of c h e m i c a l  
s h i f t s  is o b s e r v e d  f o r  a p a r t i c u l a r  c a r b o n  t y p e .  
Each s i m u l a t e d  s p e c t r u m  was o p t i m i s e d  f o r  t h e  b e s t  f i t  t o  t h e  
lowest p o i n t s  be tween  e a c h  o f  t h e  a s s i g n e d  bands .  The  b e s t  f i t  
was chosen  t o  m i n i m i s e  t h e  p a r a m e t e r  "MinRMS" where 
where e i  and  Ci are  t h e  e x p e r i m e n t a l  and  c a l c u l a t e d  s i g n a l  
h e i g h t s ,  r e s p e c t i v e l y ,  a t  e a c h  p o i n t  i ,  and  X is  t h e  number o f  
p o s i t i o n s  f i t t e d ,  i.e. X is o n e  less t h a n  t h e  number o f  
c e n t r e b a n d  s i g n a l s  i n c l u d e d  i n  t h e  s i m u l a t i o n .  Where b a n d s  
appeared as shoulders only, the position half-way between signals 
was chosen for the test. The trial-and-error testing method 
employed for fitting these parameters is exemplified in Figures 4 
and 5, for two of the line-shape parameters, the "fracgauss" and 
the line-widths of the main aromatic signals. Minima for the 
"low rank" line-shapes are shallow and wide, reflecting crowding 
of signals observed in the spectra of these coals. The aromatic 
signal is more clearly resolved in spectra of "high rank" coals 
1 so the fitting minima were more sharply defined. 
1 The optimised "fracgauss" and aromatic line-widths are plotted 
against the "phenol" ratio in F4gures 6 and 7. The spectra of 
coals at the top end of the "high rank" group exhibit: 
l 
i ) a significant narrowing in the line-width of the 
aromatic signals, a trend consistent with the decreasing 
variation in carbon functionalities as coalification 
advances towards the anthracite structure4, and 
ii) an increased Gaussian contr?bution which may be caused 
. by the increasing condensation and aromaticity, and 
decreasing aliphatic content (i.e. a more rigid 
system31 1 .  
The amount of scatter shown in Figures 6 and 7 and the other 
l'ine-width plots (not shown) is large. Therefore, line-width and 
line-shape parameters were not expressed as smooth functions of 
"rank", e.g. through the parameter "phenol". An alternative 
method, involving the averages of experimental values for each of 
the four "ranks", is summarised in ~ a h l e  5. ~ 1 t h o L ~ h  t e 
sthndard deviations of the data sets are large, these trends were 
incorporated into DOFIC as the line-shape and line-width 
database. Sudden jumps in line-shape parameters at the "rank" 
boundaries, inherent in this approach, were found to be reflected 
by only minor changes in results for functional group analyses. 
This was tested by lowering or raising the "rank" boundary 
criteria, i.e. by overiding the normal. DOFIC assignment of 
"rank". For example, the experimental spectrum of a Rawhia 
1 subbituminous coal was simulated for line-shape and line-width 
1 parameters appropriate to a "medium-low" and a "low rank" coal. 
The carbon intensities obtained from the two simulations were: 
chemical shifts %C ("medium-low") %C ("low") 
- 
The largest differences between the two simulations occur in the 
chemical shift region greater than 100 ppm. However, these 
changes are not solely due to the alteration of the line-width 
and line shape parameters. The more important factor to be 
considered when overiding the "rank" boundary condition is the 
inclusion of two extra signals at 125 ppm and 148 ppm in the 
fitting of the "low rank" coals.  his will be dealt with in the 
next section). 
6 I N T E R P R E T A T I O N  OF S P E C T R A  
6.1 Inclusion or Exclusion of Signals 
The set of signals to be fitted to the experimental spectrum are 
chosen in accordance with the trends in observed signals listed 
in Table 4. The ten "standard" signals are assigned to the "high 
rank" spectrum and the appropriate "extra" bands are added to the 
lower ranks. The band at 144 pprn is added to the spectra of 
"medium high rank" coals and below. The aliphatic alcohol/ether 
signals, the carboxylic signal and the extra aromatic C-H signals 
are added to the "medium low" and the "low" rank coal spectra. 
~ 
In the "low rank" spectra, the signal at 128 pprn is shifted to 
130 ppm'and the signals at 125 ppm and 148 pprn are added to the 
I set of signals. If the signal assigned to the main cellulose 
band at 74 pprn is strong (>1.2%), the cellulose C1 ether band at 
105 ppm is also added. 
The sequence of signal assignment is summarised in the flow 
diagram of Figure 8. - -, 
6.2 Contribution to Mixed Signals 
There are four regions in the spectra that have ambiguous 
assignments. One of these is the peak at 144 ppm, primarily 
assigned to aromatic structures with hydroxy-substitution at 
adjacent ring sites (Figure 9a). This peak may also contain a 
1 contribution from carbon-subs tituted aromatic structures. The 
C-l environment of dihydroconiferyl alcohol (Figure 9b) is used 
as the example of this structure. Similarly, the main aromatic 
signal at 128 pprn is assigned to aromatic C-H groups (Figure 9 ~ ) r  
but in the "high-rank" coal spectra, a contribution from ring 
junctions in polycyclic structures is suspected because of the 
observed increase in the size of the aromatic SSBs relative to 
the centreband, i.e. the effect of the increased anisotropy of 
the chemical shift tensors of ring junction carbons. 
The other two regions of ambiguity are confined to the lower rank 
classif ictions and involve the overlap of .SSBs with. centreband 
s i g n a l s .  S i g n a l s  i n  t h e  r e g i o n  60 t o  1 0 0  ppm ( a s s i g n e d  t o  t h e  
I c e l l u l o s e - f r a g m e n t  s i g n a l s ) ,  a n d  a b r o a d  s i g n a l  a t  1 7 7  ppm 
( a s s i g n e d  t o  c a r b o x y l i c  a c i d s  a n d  s a l t s ) ,  a r e  p a r t i a l l y  ( " l o w  
r a n k " )  or  e n t i r e l y  ("medium-low r a n k " )  o b s c u r e d  by  t h e  f i rs t  
o r d e r  l o w -  and  h i g h - f r e q u e n c y  a r o m a t i c  SSB s i g n a l s ,  r e s p e c t i v e l y .  
The f i r s t  t w o  r e g i o n s  a r e  d e a l t  w i t h  as  f o l l o w s .  
The e x p e c t e d  s i z e s  o f  t h e  f i r s t  h i g h - f r e q u e n c y  SSB s i g n a l s  
I 
- ( h l , h 2 )  are c a l c u l a t e d  f r o m  t h e  h e i g h t  o f  t h e  c e n t r e b a n d  and  t h e  
known S S B  i n t e n s i t y  p a t t e r n  f o r  e a c h  o f  t h e  c o n t r i b u t i n g  
s t r u c t u r e s  ( l a b e l l e d  "1" and  "2" ) . C o n t r i b u t i o n s  f r o m  o t h e r  
s i g n a l s  are i n c l u d e d  i n  t h i s  c a l c u l a t i o n  i f  t h e y  o c c u r  a t  t h e  
same c h e m i c a l  s h i f t .  The  s e c o n d  s t r u c t u r e  is a s s i g n e d  t o  b e  t h a t  
i n v o l v i n g  c a r b o n  s u b s t i t u t i o n .  The c h e m i c a l  s h i f t  t e n s o r  o f  t h e  
s e c o n d  s t r u c t u r e  is t h e  more h i g h l y  a n i s o t r o p i c ,  i.e. h 2 > h l .  T h e  
f r a c t i o n  o f  t h e  t w o  t y p e s  o f  c a r b o n ,  C1 and  C2, c o n t r i b u t i n g  t o  
t h e  s i g n a l  are  t h e n  c a l c u l a t e d  f rom t h e  o b s e r v e d  s i g n a l  h e i g h t ,  
he,  a t  t h e  c h e m i c a l  s h i f t  o f  t h e  f i r s t  h i g h - f r e q u e n c y  SSB; 
F r a c t i o n  o f  C2 ( " f r a c C 2 "  ) - l - " f r a c C 1 "  161 
When h,<hl, it is assumed t h a t  o n l y  t h e  f i r s t  t y p e  o f  c a r b o n  
f u n c t i o n a l i t y  is r e s p o n s i b l e  f o r  t h e  s i g n a l  and c o n v e r s e l y ,  i f  
he>h2,  it is assumed t h a t  o n l y  t h e  t ype -2  c a r b o n  is p r e s e n t .  
However, i f  he>h2 a w a r n i n g  is p r i n t e d  i n  t h e  o u t p u t .  A l o w  
s p i n n i n g  f r e q u e n c y  may b e  t h e  c a u s e  o f  t h e  h i g h  he. T h e r e f o r e ,  
if t h e  MAS f r e q u e n c y  is less t h a n  2.4 kHz ( 4 8  ppm) a s t a t e m e n t  t o  
t h i s  e f f e c t  is a l s o  p r i n t e d  i n  t h e  o u t p u t .  
A s l i g h t l y  d i f f e r e n t  p r o c e d u r e  is u s e d  t o  d e c i d e  w h e t h e r  g e n u i n e  
c e n t r e b a n d  s i g n a l s  c o n t r i b u t e  t o  t h e  t w o  SSB r e g i o n s  ( 6 0  t o  100 
ppm a n d  g r e a t e r  t h a n  160  ppm). The  e x p e c t e d  SSB i n t e n s i t y  i n  t h e  
r e g i o n  is c a l c u l a t e d  from t h e  o b s e r v e d  a r o m a t i c  . c e n t r e b a n d  
i n t e n s i t y .  I f  t h e r e  is more i n t e n s i t y  t h a n  c a n  be a c c o u n t e d  f o r  
by t h e  e x p e c t e d  SSB i n t e n s i t y  t h e n ,  r e s p e c t % v e l y ,  t h e  f o u r  
c e l l u l o s e  s i g n a l s  ( 6 4  t o  89 ppm) and  t h e  c a r b o x y l i c  s i g n a l  ( 1 7 7  
ppm) are included in the data set to be fitted. (Refer to the 
previous section with regards to the fifth cellulose signal at 
A problem arises when the signals of ring junction aromatic 
carbon (128 ppm) and carboxylic acid carbon (177 ppm) occur in 
the spectrum. Since both contribute in15ensity in the region of 
the first-order high-frequency aromatic SSB (178 f 2 ppm), 
neither contribution can be calculated from this SSB alone. The 
relative contributions could be found by including, in the 
estimation, the observed height of another aromatic SSB such as 
the next largest, first-order, high-frequency SSB. However, 
l 
these smaller SSB signals are not as sensitive as the main SSB 
signal to the different types of carbon functionality 
contributing to the resonance. This problem is likely to occur 
at the border between the "medium-high" and "medium-low" rank 
coals and has not been completely resolved. The approach taken 
was to include the carboxylic acid signal (if needed) in the 
-. 
fitting of the "medium-low rank" coal spectra but not in the 
nmedium-high rank" coal spectra. This may lead to an 
over-estimation of the oxygen contents of the "medium-low rank" 
coals and, conversely, an underestimation of the oxygen contents 
of the medium-high rank" coals. 
6'. 3 Compensation for SSB Signals 
Deconvolution of the experimental spectrum is performed by 
solving a set of simultaneous equations. These equations . 
describe the effect of other signals, or their SSBs, on the 
signal height at the chemical shift of each centreband. A matrix 
of intensity coefficients is constructed. An external routine 
(FOlAAF) inverts the matrix and the intensities of each signal 
I are then calculated from the heights of all the contributing 
signals. 
, 6.4 ~ u a l i t ~  of the Fit 
1 The quality of the simulation is given by the root-mean- 
square-deviation ( "RMSD" ) which defined as follows: 
n 
"RMSD" = [ 1 ~ ( e i - ~ ~  1 2/n] l/2 
i=l 
where ei and Ci are the experimental and the calculated spectra, 
respectively and n is the number of points across the spectrum. 
The "RMSD" is not dimensionless and has the units in which the 
signal heights are measured, e.g. in mm. Therefore, the RMSD is 
a measure of the "quality of fitn to that particular spectrum. 
It is partly dependent on the plotting scale chosen for the 
experimental spectrum, but the tallest peak is normally plotted 
at a signal height of 150 to 180 mm so an "RMSD" of between 1 and 
3 mm would correspond to typical noise levels. An "RMSD" value 
larger than this would indicate either (i) a bad fit to the 
experimental data, or (ii) an experimental spectrum with a 
particularly low signal-to-noise ratio. 
7 OUTPUT PARAMETERS 
7.1 Functional Groups 
The calculated intensities are converted to percentage of total 
carbon assuming that the sum of the intensities represents all of 
the carbon in the sample. The functional-group-analysis output 
consists of the chemical shift, the % carbon observed, the 
line-width used and the assignment of the band. 
7.2 Elemental Composition 
The carbon intensity distribution is converted to the elemental 
composition, on a dry ash, nitrogen, and sulphur free (daNSf) 
basis, according to the assigned values of "NosH" and "NosO" 
(Appendix l). The "NOSH" for the aliphatic signals were 
estimated from the types of contributing structure given in Table 
1. For example, the carbons in the resin acids that give a 
signal at approximately 39 ppm 20-23, have an average "NOSH" of 
-1.4. The remaining chain and branched aliphatic structures 
-.I 
contain either methylene ("NosHn=2) or methine ("NosH"=l) carbons 
that give signals in this chemical shift region. Therefore, the 
average "NOSH" of 1.5 was assigned to the signal at 39 pprn. 
Where there are dual assignments to a band, the "NosH" and "NosO" 
are corrected according to the calculated contributions to the 
niexed signals (which are also quoted in the output). For 
example, the "NosH" of 1 for the aromatic C-H signal at 128 ppm 
is corrected for the carbon-substituted aromatic carbon content 
by: 
"NOSH" (128 ppm) = 1x"fracCH" (81 
where "fracCH" is the relevant "fracC1" of equation 5. 
The "NosH" for the 148 pprn signal is corrected for the methoxyl 
content. 
\ 
Once the "NOSH" and "NosO" have been'corrected, the elemental 
analysis is calculated from the 8 carbon (%Ci) of each signal. 
The hydrogen- to-carbon  and  t h e  oxygen- to -ca rbon  r a t i o s  are 
, c a l c u l a t e d  by: 
Z 
I The t o t a l  o f  t h e  h y d r o g e n ,  oxygen  and  c a r b o n  c o n t e n t s  are  summed; l - 
I T o t a l  ( O , H , C )  = l o o + (  1 / 1 2 )  1 ( % C i  ) ( " N o s O ~ " + ~ ~ X " N O S H " ~ )  [ l 1 1  
1=1 
and  t h e  p e r c e n t a g e s  a r e  c a l c u l a t e d  f r o m  t h i s ;  
where  z is t h e  number o f  s i g n a l s  t o  be f i t t e d  to  t h e  s p e c t r u m .  
7.3 O t h e r  P a r a m e t e r s  
I n  a d d i t i o n  t o  t h e  f u n c t i o n a l  g r o u p  a n a l y s e s ,  s e v e r a l  o t h e r  
1 
S p a r a m e t e r s  are d e f i n e d ,  u n d e r  t h e  t w o  g e n e r a l  h e a d i n g s ,  " A r o m a t i c  
I Carbon C h a r a c t e r "  a n d  " A l i p h a t i c  Ca rbon  C h a r a c t e r n .  
1 7.3.1 "Aromat ic  Carbon C h a r a c t e r "  
n 
T h e s e  p a r a m e t e r s  i n c l u d e  a  v a l u e  f o r  t h e  a r o m a t i c i t y ,  fa, d e f i n e d  
as the sum of the intensity in aromatic signals (106 to 160 ppm) 
as a fraction of the total intensity. This is a true 
aromaticity, in contrast to the apparent'aromaticity, fa, defined 
in an earlier report1. The value of fa produced by DOFIC takes 
into account the intensity in all the SSB signals and excludes 
the carboxylic carbon intensity. 
The second parameter is the fraction of aromatic carbon bonded to 
oxygen and includes contributions associated with the signals 
between 144 ppm and 154 ppm. The former signal intensity is 
corrected for the aromatic C-C content. 
7.3.2 "Aliphatic Carbon Charactern 
This parameter is normally found in the output for "low rank" 
coals. If there is significant intensity (>1.2%) assigned to the 
main cellulose signal at 74 ppm the amount of intensity in all 
signals assigned to cellulose-like structures is totalled. The 
carbon, hydrogen and oxygen content of the coal contained in 
these structures is calculated in th'le same manner as the overall 
elemental analysis, and given in the output as the "Estimated 
content of cellulose or cellulose-like structures in the coal". 
8 TEST RESULTS 
The r e l i a b i l i t y  o f  t h e  DOFIC k e s u l t s  were t e s t e d  a g a i n s t  t h e  
c o n v e n t i o n a l  a n a l y s e s  o f  t h e  54 N e w  Zealand c o a l s .  The  s p e c t r a  
o f  t h e  c o a l s  were o b t a i n e d  u s i n g  t h e  s t a n d a r d  s p e c t r o m e t e r  
o p e r a t i n g  p a r a m e t e r s  d e s c r i b e d  i n  R e f e r e n c e  1. I t  m u s t  be 
s t r e s s e d  t h a t  DOFIC was n o t  t e s t e d  a s  a  p o t e n t i a l  r e p l a c e m e n t  f o r  
u l t i m a t e  a n a l y s i s .  The program is i n t e n d e d  to  p r o v i d e  d e t a i l e d  
i n f o r m a t i o n  a b o u t  f u n c t i o n a l  g r o u p s ,  b u t  no i n d e p e n d e n t  
a n a l y t i c a l  r e s u l t s  a r e  a v a i l a b l e  t o  tes t  pe r fo rmance  i n  t h i s  
a r e a .  The t es t s  were t h e r e f o r e  c o n f i n e d  to  e l e m e n t a l  a n a l y s i s .  
The ca rbon ,  hydrogen and oxygen c o n t e n t s  c a l c u l a t e d  by COFIC are 
p l o t t e d  v e r s u s  t h e  c o r r e s p o n d i n g  q u a n t i t i e s  d e t e r m i n e d  by  
chemica l  a n a l y s i s ,  i n  F i g u r e s  10  t o  12. The c a r b o n  and oxygen 
c o n t e n t s  c o r r e l a t e  w e l l ,  w i t h  s t a n d a r d  d e v i a t i o n s  o f  1.7% and 
1.8% r e s p e c t i v e l y .  The good c o r r e l a t i o n  between v a l u e s  f o r  t h e  
oxygen c o n t e n t s  i s . p a r t i c u l a r l y  i n t e r e s t i n g ,  c o n s i d e r i n g  t h a t  t h e  
oxygen c o n t e n t s  d e t e r m i n e d  by u l i t m a t e  a n a l y s i s  a r e  by 
" d i f f e r e n c e " ,  i.e. t h e  r e m a i n d e r  once  t h e  c a r b o n ,  h y d r o g e n ,  
n i t r o g e n  and s u l p h u r  c o n t e n t s  have  been d e t e r m i n e d ,  and a r e  
t h e r e f o r e  c o n s i d e r e d  less r e l i a b l e  t h a n  v a l u e s  f o r  e l e m e n t s  
de te rmined  d i r e c t l y .  
The DOFIC hydrogen c o n t e n t s  do  n o t  c o r r e s p o n d  t o  t h o s e  d e t e r m i n e d  
by u l t i m a t e  a n a l y s i s .  The DOFIC r e s u l t s  a r e  c o n s i s t e n t l y  h i g h e r .  
The a v e r a g e  d i s c r e p a n c y  is 1.9% w i t h  a  s t a n d a r d  d e v i a t i o n  o f  
0.5%. 
. - 
The chemica l ly -de te rmined  hydrogen c o n t e n t s  c o v e r  a  v e r y  s m a l l  
p e r c e n t a g e  r a n g e ,  and a r e  n o t  r e c o n c i l a b l e  w i t h  t h e  s i g n a l s  
obse rved  i n  t h e  NMR s p e c t r a .  F o r  example ,  one  Roxhurgh sample  
h a s  a  carbon c o n t e n t  o f  718, d e t e r m i n e d  by u l t i m a t e  a n a l y s i s ,  a n d  
t h e r e f o r e  an a l i p h a t i c  c a r b o n  c o n t e n t  o f  38% ( f a = 0 . 4 6 )  by  w e i g h t .  
S i n c e  t h e  a v e r a g e  a l i p h a t i c  s t r u c t u r e  c o r r e s p o n d s  t o  e a c h  c a r b o n  
be ing  bonded t o  2 hydrogens32 ( i . e .  a v e r a g e  o f  m e t h y l ,  m e t h y l e n e  
and methine  s t r u c t u r e s ) , .  t h e  a l i p h a t i c  hydrogen c o n t e n t  must  be  
a p p r o x i m a t e l y  6.3% by we igh t .  T h i s  d o e s  n o t  i n c l u d e  t h e  a r o m a t i c  
C-H and OH groups .  T h e r e f o r e ,  t h e  hydrogen c o n t e n t  o f  5.9%, 
d e r i v e d  by chemica l  a n a l y s i s  is n o t  c o n s i s t e n t  w i t h  a n  
a r o m a t i c i t y  v a l u e  o f  fa=0.46. 
I t  is i m p o r t a n t  t o  check t h e  i n t e r n a l  c o n s i s t e n c y  o f  t h e  DOFIC 
r e s u l t s  f o r  N e w  Zealand c o a l s  w i t h  NMR d a t a  p u b l i s h e d  by o t h e r  
workers .  For  example, Yoshida - e t .  - a l .  33 have  e s t i m a t e d  t h e  
c a r b o n  and oxygen d i s t r i b u t i o n  from t h e  .CP/MAS NMR s p e c t r u m  o f  
Y a l l o u r n  brown c o a l .  Using t h e i r  a s s i g n m e n t s ,  t h e  NMR e l e m e n t a l  
a n a l y s i s  was c a l c u l a t e d  t o  be 5 9 . 7 % ~ ~  5.3%H and 35.0% O(daNSf)  . 
Both t h e  hydrogen and oxygen c o n t e n t s  a r e  s i g n i f i c a n t l y  l a r g e r  
t h a n  t h e  c h e m i c a l l y  de te rmined  v a l u e s ;  3.9%H and 2 9 . 5 % 0 .  A 
s imilar  e s t i m a t e  c a n  be made from t h e  NMR d a t a  Ohtsuka  - et .  - a l .  
f o r  a n o t h e r  sample o f  Y a l l o u r n  coal. The NMR r e s u l t s  g i v e  
68.0%C, 7.9%H and 24.1%0 i n  compar ison w i t h  t h e  u l t i m a t e  a n a l y s i s  
o f  66.7%C, 5.3%H and 28.0%0. 
Dereppe - e t .  - al. 3 and Wilson - e t .  - a1 .2  have  a l s o  d i v i d e d  t h e  NMR 
s p e c t r a  of I n d o n e s i a n ,  A u s t r a l i a n ,  B r i t i s h  and American c o a l s  
i n t o  p r o t o n a t e d  - and nonpro tona ted-ca rbon  d i s t r i b u t i o n s .  The 
hydrogen c o n t e n t s  can  be e s t i m a t e d  by assuming and a v e r a g e  
hydrogen-to-carbon mole r a t i o  o f  2  f o r  the a l i p h a t i c  p r o t o n s  and 
( i n  t h e  c a s e  of  t h e  I n d o n e s i a n  c o a l s )  assuming t h a t  t h e  a l i p h a t i c  
c a r b o n  a d j a c e n t  t o  oxygen is bonded to  one hydrogen.  The 
hydrogen a s s o c i a t e d  w i t h  p h e n o l i c  and c a r b o x y l i c  oxygen is n o t  
i n c l u d e d  i n  t h e  NMR e s t i m a t e .  The NMR hydrogen c o n t e n t s  are 
p l o t t e d  a g a i n s t  t h e  c h e m i c a l l y  d e t e r m i n e d  hydrogen c o n t e n t s  ( d a  
ONSf) i n  F i g u r e  13. Once a g a i n ,  t h e  NMR r e s u l t s  a r e  h i g h e r  t h a n  
t h e  u l t i m a t e  a n a l y s e s .  The r e s u l t s  shown i n  F i g u r e  1 3  are b a s e d  
on somewhat a r b i t r a r y  a s s u m p t i o n s  r e g a r d i n g  H/C r a t i o s  f o r .  
c o n t r i b u t i n g  f u n c t i o n a l  g r o u p s ,  b u t  t h e s e  a s s u m p t i o n s  s e e m  l i k e l y  
t o  u n d e r e s t i m a t e  hydrogen c o n t e n t s  r a t h e r  t h a n  o v e r e s t i m a t e  them. 
The resul ts  of  s e v e r a l  r e s e a r c h  g r o u p s  t h e r e f o r e  p o i n t  t o  a  
c o n s i s t e n t  d i s c r e p e n c y  between NMR r e s u l t s  and u l t i m a t e  a n a l y s e s .  
F u r t h e r  work w i l l  be r e q u i r e d  t o  d e c i d e  which is t h e  more 
r e l i a b l e  t e c h n i q u e  f o r  d e t e r m i n a t i o n  o f  h y d r  gen c o n t e n t s  
9 INSTRUCTIONS FOR USE OF DOFIC 
The listing of the source code of program DOFIC is contained in 
Appendix 2. It will not be described in detail as the listing 
contains sufficient comment statements for DOFIC to be understood 
and altered, if necessary. The following sections describe how 
to use DOFIC in either the "black-box" mode or with more control 
of the program. 
9.1 The 'Black-Box" Approach 
The instructions for using DOFIC as a 'black-boxn will be 
illustrated using the NMR spectrum of a subbituminous coal from 
the ~raziers mine. 
9.1.1 The NMR spectrum 
The care taken in the running and layout of the NMR spectrum is 
particularly important to the success of DOFIC. These steps 
should be followed: - 
- 
a) A high signal-to-noise ratio is desirable in order that the 
signal intensities observed are representative of the carbon 
functionalities in the sample, 
b) The spectrum must be obtained with the sample spinning in the 
narrow frequency range of 2.55  0.1 kHz. This is necessary 
because the model compound S S B  intensity patterns have been 
calculated specifically for this spinning speed, and they 
- 
alter considerably fcr different rotation rates, particularly 
for lower MAS speeds. 
c) The spectrum must be carefully phased. The spectrum should 
therefore be plotted with sufficient chemical shift width to 
enable the drawing of an adequate baseline, e.g. from -200 
ppm to +400 ppm. 
d) The spectrum should be plotted on gridded paper from a 
start-of-plot ("SP") of -100 ppm with.a width-of-plot ("WP") 
of 400 ppm . (figure 13). 
30 
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The spectrum is now ready for digitisation. An arbitrary 
baseline is drawn below the spectrum (e.g. on the next dark 
gridline) and the signal heights are measured from this line by 
ruler, with a spacing of 1 ppm. Thus, the spectrum is digitised 
into 401 points (i.e. - 100 ppm to +300 pprn). The correction for 
the arbitrary baseline must be estimated, as follows. The true 
baseline (based on the wide plot) is drawn onto the digitised 
spectrum and the difference between the true baseline and the 
arbitrary baseline, is taken at 3 points; namely the first (-100 
ppml and last (+ 300 ppm) positions and the midpoint (100 pprn), 
as shown in Figure 13. DOFIC includes a parabolic baseline 
correction based on this data. 
Finally, if the exact spinning frequency is not known, it must be 
ascertained from the experimental spectrum. The difference 
between the main aromatic signal at 128 ppm and the first order 
SSB signals is estimated in parts per million and then converted 
into a frequency by multiplying by 50.3, e.g. a 50 ppm spacing is 
equivalent to a MAS frequency of 2515 Hz (see Figure 13). 
The running of DOFIC is controlled by a command procedure 
(Appendix 3) which is initiated by entering the word "DOFIC". 
The first inquiry that will appear on the screen is "Edit the 
Database File ?(Y/N)I1 to which a negative answer is required for 
the "black-box" approach. The second question, "Input Title File 
Name (.Dat)" asks for a name for the experimental data file (e.g. 
"Braziers") and assigns this file name to be the current input 
file. The following question will then be "Edit Rraziers.Dat ? 
(Y/N)" to which a "Y" answer results. in the creation of the new 
input file, Standard editing commands are then used to enter the 
experimental data is given in Figure 14. The data is entered in 
the follawing sequence; 
l i The first line contains the "SPn and the "WP", in ppm 
\ 
The second line. conta'ins the name ~f the coal sample 
iii) The  t h i r d  l i n e  c o n t a i n s  a s a m p l e  r e f e r e n c e  number  s u c h  
as t h e  C o a l  R e s e a r c h  ' ~ s s o c i a t i o n  a n a l y s i s  number ,  e.g. 
f o r  t h e  B r a z i e r s  s a m p l e  t h i s  is 30/653. I f  t h e  s ample  
d o e s  n o t  h a v e  a c o d e  n u m b e r , . a  'I-" s h o u l d  b e  e n t e r e d .  
iv) The f o u r t h  l i n e  c o n t a i n s  t h e  s p i n n i n g  f r e q u e n c y  i n  Hz 
a n d  t h e  number of d a t a  p o i n t s  ( e x c l u d i n g  t h e  f i rs t )  
c a l l e d  "numchannel" ,  i.e. 2515 400. 
V )  The e x p e r i m e n t a l  s p e c t r u m  is t h e n  e n t e r e d  a s  40 rows o f  
t e n  numbers ,  e.g. t h e  f i rs t  l i n e  c o n t a i n s  t h e  f irst  t o  
t e n t h  d a t a  p o i n t s  i.e. h e i g h t s  a t  -100 t o  -91 ppm. 
The 4 0 1 t h  d a t a  p o i n t  ( i . e .  t h e  h e i g h t  a t  +300 ppm) is 
e n t e r e d  a f t e r  r o w  40. 
v i i )  The l a s t  l i n e  c o n t a i n s  t h e  b a s e l i n e  c o r r e c t i o n  i n  t h e  
f o l l o w i n g ,  o r d e r ;  t h e  c o r r e c t i o n  a t  +300 ppm, a t  t h e  
m i d p o i n t  ( 1 0 0  ppm) t h e n  a t  -100 ppm, e .g .  i n  t h i s  
example ,  4 4.5 4.5. - 
F o l l o w i n g  t h e  s a v i n g  o f  t h e  f i l e  ( i . e .  u s i n g  t h e  e x i t  command) 
DOFIC is s t a r t e d  a n d  t h e  message  "Running t h e  S i m u l a t i o n  Now" 
a p p e a r s  on t h e  s c r e e n .  
9.. 3.1 The O u t p u t  
When t h e  s i m u l a t i o n  is c o m p l e t e  t h e  i n q u i r y  " I n s p e c t  O u t p u t  F i l e  ? 
( Y / N ) "  a p p e a r s  on  t h e  s c r e e n .  -A p o s i t i v e  r e s p o n s e  e n a b l e s  t h e  
o p e r a t o r  t o  r e a d  t h e  o u t p u t  d a t a ,  i.e. t h e  f u n c t i o n a l  g r o u p  and  
e l e m e n t a l .  a n a l y s e s  etc. The f o r m a t  of t h e  B r a z i e r s  o u t p u t  is 
shown i n  F i g u r e  15.  T o  l e a v e  t h e  f i l e  t h e  " q u i t "  command s h o u l d  
b e  used .  The  n e x t  i n q u i r y  is " P r i n t  O u t p u t  F i l e  ? ( Y / N ) "  which  
allows f o r  a  h a r d  c o p y  of t h e  o u t p u t  f i l e  t o  b e  o b t a i n e d .  
The f o l l o w i n g  t h r e e  q u e s t i o n s  re la te  t o  t h e  p l o t t i n g  o f  t h e  
b a s e - c o r r e c t e d  e x p e r i m e n t a l  s p e c t r u m ,  t h e  s i m u l a t e d  s p e c t r u m  and  
t h e  d i f f e r e n c e  s p e c t r u m  ( i  .e. d i f f e r e n c e  be tween  t h e  e x p e r i m e n t a l  
and  s i m u l a t e d  s p e c t r a ) .  The  program t h a t  p r o c e s s e s  t h e  s p e c t r a  
was w r i t t e n  i n  t h i s  l a b o r a t o r y  ( b y  D r .  K.R. Morgan) t o  r e a d  a n d  
c o n v e r t  t h e  d a t a  i n t o  t h e  a p p r o p r i a t e  g r a p h i c s  commands f o r  t h e  
C h e m i s t r y  D i v i s i o n  p l o t t e r .  T h i s  p rog ram would h a v e  t o  b e  
r e p l a c e d  by a n o t h e r  s u i t a b l e  r o u t i n e  i f  a n y  d i f f e r e n t  p l o t t i n g  
s y s t e m  is t o  be u s e d .  The form o f  t h e  t h r e e  s p e c t r a  is shown i n  
F i g u r e  16  f o r  t h e  B r a z i e r s  c o a l  s p e c t r u m .  
9.2 More Advanced Uses 
DOFIC w s  p r i m a r i l y  d e s i g n e d  t o  f u n c t i o n  u s i n g  t h e  s t a n d a r d  
p a r a m e t e r s  d e s c r i b e d  i n  t h e  l a s t  s e c t i o n .  However, some 
p r o v i s i o n  was i n c l u d e d  i n  W F I C  for  a l t e r a t i o n  o f  t h e s e  w o r k i n g  - 
p a r a m e t e r s  t o  a l l o w  f o r  more advanced  m a n i p u l a t i o n  of t h e  p rog ram.  
O p t i o n s  a v a i l a b l e  a r e :  
I i The p a r a m e t e r s  d e f i n i n g  t h e  s p e c t r u m ,  "SP", "WP" a n d  
I - .  
lvnumchannel"  c a n  be  changed .  I t  is a d v i s a b l e  t h a t  a 
p l o t  w i d t h  no  smaller t h a n  400  ppm, be  u s e d  i n  o r d e r  t o  
s p a n  a n  a d e q u a t e  r a n g e  o f  s i g n a l s ,  i n c l u d i n g  t h e  SSBs. 
-. 
A l a r g e r  d i g i t i s a t i o n  i n t e r v a l ,  s u c h  as  2 ppm ( i . e .  
" n u n c h a n n e l "  = 200)  may be  used. 
i i )  The i n p u t  f i l e  may c o n t a i n  more t h a n  o n e  s e t  o f  
e x p e r i m e n t a l  d a t a  e .g .  a l l  t h e  l i g n i t e  s p e c t r a  may be  
e n t e r e d  i n t o  o n e  f i l e  c a l l e d  " l i g n i t e . d a t n .  S i n c e  o n l y  
t h e  t o p  set o f  d a t a  is r e a d  by  DOFIC, a  p o s i t i v e  
r e s p o n s e  t o  t h e  " E d i t  L i g n i t e . D a t ?  (Y/N)" i n q u i r y  
I e n a b l e s  t h e  operator t o  rotate  t h e  d a t a s e t s .  
' i i i )  A p o s i t i v e  r e s p o n s e  t o  t h e  " E d i t  t h e  D a t a b a s e  F i l e  ? 
(Y/N)" q u e s t i o n  a l l o w s  t h e  r e a d e r  t o  r e a d  or p a r t i a l l y  
a l t e r  t h e  d a t a b a s e  (Append ix  1).  
The f i r s t  l i n e  o f  t h e  d a t a b a s e  c o n s i s t s  o f  t h e  number o f  l I " s t a n d a r d "  and  " e x t r a "  s i g n a l s ,  i.e. "numbands" and  " e x t r a b a n d s '  I r e s p e c t i v e l y .  I t  s h o u l d  be  remembered t h a t  some o f  t h e  I " e x t r a b a n d s l " ~ m i g h t  n o t  n e c e s s a r i l y  b e  f i t t e d .  The l i n e  e n d s  w i t h  
total matrix of standard and extra signal position and lineshape 
data is to be printed in the output file. This matrix, which is 
("numbands" + "extrabands") *5 in size, consists of the four 
columns containing the standard and the extra signal positions, 
the initial line-widths, the associated "NOSH" and "Nosow, 
followed by the assignment, in brief, of the signal, amain not 
exceeding 50 characters. 
The positions of all of the extra signals and many of the 
standard signals (15 ppm, 22 ppm, 39 ppm, 128 ppm, 154 ppm) 
cannot be altered unless the program itself is also changed to 
incorporate the new chemical shifts at all the relevant program 
steps. . Since many of the linewidths are also altered in DOFIC in 
I accordance with the rank trends, changing an initial line-width 
in column 2 will not always be effective. Most of the "NOSH" and 
"NOSO" may be altered although DOFIC calculates several of these 
{for 128 ppm, 144 ppm and 148 ppm) independently, so once more, 
some changes confined to the database will not alter the results. 
All of the signal assignments can be-changed through editing the 
database. 
The final matrix in the database contains the relevant SSB 
intensity data of Table 3. The SSB intensity patterns may also 
be changed. This capability is fundamental to the continued use 
of DOFIC as a routine analysis tool, in that it allows for the 
incorporation of new chemical shift anisotropy data as it appears 
in the literature. 
- 
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TABLE 1 SIGNAL ASS1 GNMENTS 
A = branched chain, cycloalkane or aromatic ring. 
Chemical Shift 
( +  1 ppm) 
Assignment Structure 
Methyl Groups -CH2 c h&H3 
-Methylene, Methyl -C H2C H2C ti3 A< H3 
Cyclic and poly-methylene f CH,), , 
Methylene, Methine ASH2- -CH- 
Methine, Quarternary carbon A-CH- {- 





) and cellulose c4 
carbon 
c1 
Aromatic C-H adjacent to C-0 and C-R 
- 
Aromatic C-H adjacent to C-OR 
Aromatic C-H adjacent to C-OH 
Aromatic C-H adjacent to C-R 
Aromatic C-H adjacent to C-H @ 
Aromatic C-H adjacent to C-H or C-R 
Ring junctions in polycyclic groups - 
Carbon substitution sites 
Rings with adjacent hydroxyls 
Carbon substitution sites 
Adjacent ring C-OH and C-OR 
Phenolic carbon 
Carboxylic acids and salts -COSH -C02 
I TABLE 2 C-X CHEMICAL SHIFTS 
Data from R e f e r e n c e s  12  and 15 .  "n" r e p r e s e n t s  t h e  
a p p r o p r i a t e  s u b s t i t u t i o n  f o r  t h e  p a r t i c u l a r  n u c l e u s .  
Chemical s h i f t s  i n  ppm. 
I TABLE 3. SSB INTENSITY PATTERNS OF MODEL COMPOUNDS 
Averaged s i g n a l  p o s i t i o n s  (*a) ; % i n t e n s i t y  i n  S S B  ( I k n )  
and s t a n d a r d  d e v i a t i o n s  below. . Number i n  b r a c k e t s  
i n d i c a t e s  t h e  number of compounds f o r  which d a t a  
averaged.  A s t a n d a r d  d e v i a t i o n  <0.5 is quoted  a s  "0". 
Carbon Type a I + 3  I+2 I+1 1, 1-1 1-2 1-3 
A r o m a t i c  Carbon d R 2  
M 40 
TABLE3 (Cont 'd)  "Ar" =aromatic 
Carbon Type 0 I + 3  I + 2  I+1 'Io 1-1 1-2 1 - 3  
( 4 )  
r i n g  junction 
( 4 )  
Aliphatic 
-CH2- 
( 2 )  
R-CH 3 
( 3)  
Ar-CH3 - . 
(51  
R-CH - 2-CH 3 
( 3 )  
Ar-OCH - 3 
(3) 
Ar-OCH2-R - 







( 1 5 )  
-032- . 
( 7 )  
TABLE 4 AVERAGED CHEMICAL S H I F T S  
Averages of the chemical shifts of signals observed in 
the spectra of 54 NZ coals. The standard deviation, 
the number of spectra in which signal is distinct and 
the general "rank" of coal in which the signal 
observed as a distinct signal or as a shoulder, are 
also given. 
mean chemical standard number . "rank" 
shift (ppm) deviation 
- .  
15.4 0.7 3 2 all 
21.6 0.8 46 W 
30.4 0.5 43 "medium-low" and above 
32.2 0.8 11 "low" 
39.4 1.7 28 most 
48.5 1.9 25 n 
56.3 0.4 l1 "low" 
64.3 1.6 10 *I 
74.3 0.8 14 "low" and "medium-low" 
82.7 1.2 12 II T 
88.6 0.6 4 Ir low" 
105.3 0.4 8 n 
107.3 1.2 10 "low" and "medium-low" 
112.0 1.9 24 most 
117.4 1.9 14 II 
125.0 1.5 8 "low" 
130.0 1.2 8 n 
127.6 0.9 43 "medium-low" and above 
138.0 1.0 22 most 
14 3.6 1.4 21 7medium-high" and below 
147.7 0.8 11 'l low " 
153.8 0.9 53 all 
177.4 1.1 11 "low" 
1 TABLE 5 OPTIMISED LINE-WIJYI'H AND LINE-SHAPE PARAME3'ERS 
Line-width data  i n  ppm for peaks  s p e c i f i e d  by t h e  
chemical  s h i f t .  
Lineshape parameters g i v e n  i n  t h e  f i n a l  row. "n.d ."  = 
not  determined.  
l . Standard d e v i a t i o n s  g i v e n  i n  b r a c k e t s .  SD o f  l i n e - w i d t h s  (0.5 a r e  quoted a s  "0". 
Chemical s h i f t  Rank" 
"lowR "med i urn "medium "high" 
-low1' -h ighw 
1 2  FIGURE CAPTIONS 
F i g .  1 P l o t  o f  t h e  r a t i o  o f  s i g n a l  h e i g h t s  a t  154 pprn a n d  1 2 8  
pprn v e r s u s  % Fixed  Carbon  s h o w i n g  t h e  bounda ry  a s s i g n e d  
t o  t h e  " h i g h  r a n k " .  
F i g .  2  P l o t  o f  t h e  s i g n a l  h e i g h t s  a t  1 4 4  pprn and 154  pprn a s  
r a t i o s  r e l a t i v e  t o  t h e  s i g n a l  h e i g h t  a t  128 ppm, 
showing  t h e  b o u n d a r i e s  a s s i g n e d  t o  t h e  "medium-high 
r ank" .  
F i g .  3 P l o t  o f  t h e  s i g n a l  h e i g h t s  a t  56 pprn a n d  154 pprn b o t h  
r e l a t i v e  t o  t h e  s i g n a l  h e i g h t  a t  1 2 8  ppm, showing  t h e  
bounda ry  be tween  t h e  "medium-lown a n d  " l o w  r a n k " .  
F i g .  4 P l o t  o f  t h e  "MinRMS" p a r a m e t e r  v e r s u s  " f r a c g a u s s :  f o r  a 
Waimumu Newvale l i g n i t e  (a) a n d  a  R o c k i e s  m.v. 
b i t u m i n o u s  c o a l  ( Q p ) ,  showing  t h e  " t r i a l - a n d - e r r o r "  
method o f  o p t i m i s i n g  l i n e - s h a p e  p a r a m e t e r s .  
F i g .  S P l o t  o f  "MinRMS" v e r s u s  t h e  h a l f  l i n e - w i d t h  a t  h a l f -  
h e i g h t ,  L, f o r  t h e  a r o m a t i c r s i g n a l s  be tween  1 0 6  a n d  
140  ppm, f o r  a  Waimumu Goodwin l i g n i t e  (s) and  a 
f t o c k t o n  N o .  2 h.v.  b i t u m i n o u s  A coal  ( A ) .  
F i g .  6 O p t i m i s e d  " f r a c g a u s s "  v e r s u s  " p h e n o l " ,  where t h e  
symbo l s  r e p r e s e n t  t h e  r a n k  g r o u p s  " l o w "  ( a ) ,  
"medium-low" (a), "medium-high' (A) ,  "high'  (6) 
7 O p t i m i s e d  a r o m a t i c  l i n e - w i d t h s  v e r s u s  " p h e n o l " .  
F i g .  8  Flow d i a g r a m  f o r  t h e  p rog ram DOFIC showing  t h e  i n i t i a l  
e s t i m a t e s  o f  r a n k  ( 8 a )  and  t h e  d e c i s i o n s  made o n  t h e  
i n c l u s i o n  o f  s i g n a l s ( 8 b ) .  "I" = i n c l u d e  t h e  f o l l o w i n g  
s igna ' l - chemica l  s h i f t  g i v e n  i n  b r a c k e t s ;  "H" - o b s e r v e d  
s i g n a l  h e i g h t ;  "S" = s h i f t  ma in  a r o m a t i c  s i g n a l ;  "M" = 
c a l c u l a t e  mixed c o n t r i b u t i o n .  
F i g .  9 Compounds t h a t  e x h i b i t  t h e  types o f  s t r u c t u r e s  t h a t  
c o n t r i b u t e  t o  t h e  mixed s i g n a l s  a t  -144 ppm ( a , h )  and  
1 2 8  pprn ( c , d ) .  
Fig. 10 The carbon contents determined by DOFIC and by ultimate 
analysis. Open symbols indicate representative 
ultimate analysis £0-r a sample from the same locality 
(see Appendix 4). 
Fig. 11 Same as for Figure 10 but for the oxygen contents. 
Fig. 12 Same as for Figure 10 but for the hydrogen contents. 
Fig. 13 Plot of NMR and chemically determined hydrogen contents 
( d a ~ ~ ~ f ) .  Data -from Ref. 2(0), Ref. 3 ( r ) ,  Ref. 5 (4) 
and Ref. 33 ( m ) .  Data corrected and transposed from 
Fig. 12 ringed in solid line. 
Fig. 14 The experimental spectrum of Braziers subbituminous 
coal, showing the relationships between signal heights, 
provisional baseline and the baseline correction terms. 
Fig. 15 The input file for the experimental data for the 
Braziers'coal, showing the required format. 
Fig. 16 The output file for the Braziers coal, showing the 
layout of the typical DOFIC functional group analysis. 
Fig. 17 Typical graphical output of DOFIC for the Braziers 
coal, showing the basecorrected experimental spectrum 
(expt), the simulated spectrum (sirn), and the 
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4.5 4.3 4.5 4.3 4.5 4.5 4.5 4.5 4.5 4.5 
5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 S 
5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 
4.5 4.5 4.5 5 s s 5 3.5 s 4.5 
4.5 5 5 S 5 4.5 4,s 4.5 5 5.5 
5 5 5 5 5 5.5 B 8.5 6.5 G . 
6 7 7 7.5 7.5 S 8.5 9 3 .5  9 
9 B 9.5 9.5 10 10.5 l 1  1 1  11.3 12 
12 11.5 11.5 1 1  1 1  1 1  11 1 1  ii l 1  
12 12  12.5 12.5 1 3  13 13.5 14 15 14 17 
1s 18.5 20 2: 23 25 28 32 35 38 
42 47 51 55 58.5 61 83 67 70 74 
77 79.5 81 83 15 87 90 Y b  101 184 
106 102 V6 89 82 75 71 68 45 62 
60 57 55 53 50 48.5 -47 45.5 44 42 
41 39.5 39 38.5 38 37.5 34 35 33 33.5 
33.5 33.5 33 34 34.5 34.5 55 37 38 3'7 
Q1 42.5 44 45.5 44 47 48 45.5 48 47.5 
. Figure. l5  
COQL : B r a z i e r s  
R e f e r e n c e  N o .  : 30/653 
E s t i m a t e  o f  Rank : MEDIUM LOW 
RMSD F o r  The S p e c t  f ~ i i i  Cmm)  = 2 . 4 3 3  
F r a c t i o n  o f  g a u s s i a n  c o n t r i b u t i o n  t o  b a n d s  : 0.5 
F u n c t i o n a l  Group  A n a l y s i s  


















2 . C) 
Carbon  F u n c t i o n a l i t y  
t e r m i n a l - a e t h y l  
m e t h y l e n e  Cad J . CH33 / f ~ ~ e t h y l - a r .  
po  l ymet  hy l ene-c  ha i n 
m e t  h i  n e / m e t h y l  ene-a  r . 
quarterna  ryC /me th ine -a r .  
me thoxy l - a r .  
a l c o h o l  Cce l l u lo se -CB)  
a l c o h o l  ( c e l l u l o s e - C 2 r C 3 ~ C 5 )  
e t h e r  i c r y s t  . c e l l u l o s e - C 4 1  
e t h e r  Camorph .ce l lu lose-CD)  
arom. C-H b e t w e e n  C-O+C-R 
aroi:). C-H ortho to C-ORCH) 
aroiii. C-H ortho t o  C-OH 
aromatic C-H o r t h o  t o  C-H/C-C 
a rotna t i c C-C 
d i p h e n o l  
p h e n o l  
carLoxylic acids + salts 
A r o m a t i c  Ca rbon  C h a r a c t e r  1 
1 A r o i l i a t i c i t y r  f a  : 0.71 
2 F r a c t i o n  o f  Aromatic C bonded  t o  0 : 0.23 
C o n t r i b u t i o n s  t o  band a t  144 ppm 
: f r a c t i o t i c - 0 = ' 0 . 3 5 4  F r a c t i o n C - C = 0 . 0 4 6  
E l e m e n t a l  A n a l y s i s  
O/C R a t i o  C % w t 3  : 0.321 
H/C Ratio C % w t 3  : 0.OSb 
% Carbon  : - 7 0 . b  
% Hydrogen : 4.8 
% Oxygen : 22.6 
N.B. d r y - a s h - f r e e 9  d o  n o t  a c c o u n t  f o r  %N or %S. 
Figure .16. 
BRAZIERS 
I I I I I I I 
300 2k0 220 180 140 100 60 
I 1 2b -20 -60 -100 
. Shift (ppm from T M S )  
Figure 17 
1 3  APPENDICES 
. 13 .1  The D a t a b a s e  F i l e  
1 13 .2  DOFIC S o u r c e  Code 
DOFIC Command P r o c e d u r e  
Deta i l s  of t h e  N Z  C o a l  S a m p l e s  
10 1 i  0  C nutrtbands~ numextrabandsq pr in t f  lag 3 
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t e r m i  nal-methyl 
methyleneCadj .CH31 / t ~ ~ e t h y l - a r .  
polymethylene-chain 
m e t h i  ne/methyletie-ar . 
qua r t e r t ~ a  ryC/mettii ne-a r .  
arom:C-H ortho t o  C-ORCHS 
arom. C-H ortho t o  C-OH 
a ~ o t n a t i c  C-H ~ r t h o  t o  C-H/C-C 
a romat ic C-C 
phenol 
met hoxyl-a r .  
alcohol (cellulose-C61 
alcohol (ce l lu lose-C2~C3~CS~ 
e the r  Ccryst.cellulose-C4S 
e the r  Camorph-cel lulose-C4S 
e t h e r  Ccellulose-Cl) 
arom. C-H between C-O+C-R 
aram. C-H ortho t o  C-R 
diphet.to1 
adjacent phenol /C-OR 
carboxylic acids  + s a l t s  
S S B  f titensity Pattern Data base 
4 iek ppfflr 
{ -7" LL 3 
X 30 3 
C 39 3 
48 3 
X 112 3 
C 117 3 
.f l"" L O Y  C-H 3 
X 138 3 
I 154 3 
X 54 3 
C 84 3 
-c 74 3 
C E4 3 
X 87 3 
C 105 3 
C 107 3 
X 125 3 
C 144.9 C-Cl 3 
C 145: 3 
C 177 3 
1"" Lor C-C 3 
C 14Ur C-C 3 
PROGRRM DOFIC (exptspecrcoalcomprcompspec~pl~tspecrdlffspecrdatabase~~ 
i Program DOFIC  determination Of Functionalities In Coal rsimulates 
the C13 NMR spectrunl OS and provides a comprehensi\>e functional 
group analysis coals of all ranks. > 
CONST 
maxbands = 305 
numssb = 7 :  (tiumssb number of ssb ( 6 )  + centrebandC1)) 
; Pi = 3.16195261 . 
Ln2 0.6931471706i 
.TYPE 
datvec = ARRAYt0..0003 OF DOUBLE; 
datarray = ARRAYCl. .lnaxbands, l. .tiumssbl OF DOUBLE; 
intarray = AHRAYCl. .maxbatidsl OF DOUBLE: 
titlearray = ARRAYCl..maxbandsl OF VARYINGC503 OF CHAR# 
titlevec = VARY INGCSOI OF CHAR; 
intvec = ARRAYCl..nu~ssbl OF DOUBLE; 
coefarray = ARRAY Cl. .n\axbands S l. .maxbatidsl OF DOUBLE; 





allarraytallextrar issbext ra9issb:datart-ay f 
i ~ s b C C ~ i s ~ b C O ~ i s s b C r i ~ ~ b C H : i n t ~ e ~ i  
esdatvec; 
bandtit1esrextratitles:titlearray~ 
€ External procedure used to calculate the inverse o f  the matrix 
of intensity coefficients > 
Casynclrrotiousr unboundl procedure FOlFiAF C 
Xref a: array ClO..uO: integer+. 11. .ul: integer1 of double: 
ia: integer i 
- n: integer i 
Xref unit: array C12. .u2: integer; 13. .us: integer3 of doublei 
iutiit: integer; 
Xref wkspce: array Cld..ud: integer1 of doublei 
va r ifail: integer): external; 
PROCEDURE title; 




READLN<exptspecrsp.wp); C sp = start o f  plot in ppm) 
WRITELN(p1otspecrsprr~p)i C wp = width of plot in ppm) 
WRlTELN(diffspeersp~wp) i 
URITELN(cof~jpspecrspr wp) i 
WRITE(coalconrp?'COAL : ' ) i  
REFiDLN(exptspecrtlt1e)i 
WRITELN(coii~pspec~ t l t l e ~  f 
W R I T E L N ( c o r l c o r ~ ~ p r t l t l e J ;  
WRITELNCp1otspecrtrtle)i 
WRITELN(diffspecrtit1e~ 4
. READLN(exptspec9 ref fi 
WRITELN(coaicompr' Reference No. : * r ref) 1 
WRITELI4Ccoa lco~~tp) i 
END; C of title > 
PROCEDURE basecorrect; 
{parabolic baseline correctioti S itr b specify corr.ections for 




b:ARRAVCI..33 OF REAL; 
BEGIN 




yt=<-bC13+A*bC21-3+bC31) /nuinctiarinel i 
z%=bC33; 




C Uri tes  out the basecorrected e~perimental spectrumre. > 
FOR i:=O TO TRUNC((numcfiannel/lQ)-1) DO BEGIN 
' FOR J:= 0 TO 9 DO 
WR1TE<corpspec~eCi*l0+~3:4:1~' * ) g  
WRITELN(compspec)i 
M D  
WRITELN(compepec~eCnumcf1annel3 :4:1): 
END; Cof basecorrect) 
PROCEDURE readdatabasei 
VAR 
xvi rj~printflag: INTEGER; 
BEGIN 
RESETCdatabase) ; 
C numbands: the nos. of bands in the basis, set; 
. extrabands: the nos of other bands needed for lower rank coals; 
printflag: indicates if whole dataset of bands t o  be printed out.) 
€ The 'all" arrays contain: the band position in ppm; 
: the liriewldthi 
-. : the number. of hydrogens associated with 
that type of carbon; 
: the tiut~~ber of oxygeris " " " " " "i 
t the observed intensity at that ppm. ) 
FOR i := l  TO numbands DO BEGIN 
FOR j:=l  TO 4 DO 
'READ(databasetal1arrayCi 9 j3)i 
READLN(databaserbandtitlesCi3); 
x:=ROUND(CallarrayCi i 13-sp)/(wp/tiumchannel>> ; 
allarrayCir53:=eCxI i 
M D  ; 
FOR i:=l TO extrabands DO BEGIN 
FOR j:=1 TO A DO 
RERD(databasciallextraCii~3)i 
READLN(database~extratitl~?sCiI)i 
x:=ROUND( CallertraCi i 11-sp)/ (wp/~iumchatirie l ) )  : 
allextrafir5l:=eCxl; 
END ; 
IF printflag = l THEN BEGIN 
URITELN(coa1compr ' Database Set of Bands' ) 1 
WRITE(coalco~t~p+' ppm l inewldth ? ; 
(IRITELN(coalco~npr' Carbon functionallty' ) i 
FOR I :=l  TO nud,batids DO BEGIN 
WRITE<coalcofi~pi' ' rallarrayCitl3:A:l~' tallarrayCit23r3:l)i 
WRITELN(coalcot~tp1' ' rbandtitlesCi3) i 
END i 
WRITELN(coalcoliips ' Auxilliary Set of Bands' ) 
WRITECcoa 1co1~:pr' ppm l inewldth ' ) i  
WRITELN(cos1co~~1pr' Carbon functiatlal ity' ) ;  
FOR i :=l  TO extrabands DO REGIN 
WHITE(coalcomp1' ' 1allextraLi t 13:O:ir' ' rallextraCir21:3:Zfi 
WRITELN<coa lcon~pc' ' textratitlrsCi3); 
END i 
END ; 
C issb- = arrays of intensities of tile sr,b's from model compounds- 
there are two aoc,lgtiaetite Cop the 12r-3 and 14llpp11i peakr 
wtiict~ appear aFtc?r tttc lsob array5 rcsp~:ctivcly. > 
FOR i:= l TO nuanbands DO BEGIN 




FOR i:= l TO numbands DO BEGIN 
IF allarrayCirl3=128 THEN DEGIN 
FOR J:= 1 TO nutnsnb DO 
issbCHCj3 :=issbCiVj3i . 
END i 
END i 
FOR i t =  I TO extrabands DO BEGIN 
FOR J:= l TO numseb DO 
READCdatabacer issbewtraci V ~ 3 )  I 
READLNCdatabase); 
IF allextraCir13=144 THEN BEGIN 
FOR J := l TO nuassb DO 
issbCOCj3 :=issbextraCirJ3i 
M D ;  
END i 
FOR J:= l TO numssb DO 
READCdatabaset issbCCj1) i 
READLNCdatabase); 
FOR J:= l TO numssb DO 
READ(databaserissbCCCj3); 
END8 C of readdatabase) 
FUNCTION gaussCnrmeanrlinewidrtotintensity:DOUBLE~:DOUELEi 
VAR 




END; of the function gauss) 
FUNCTION lorentz<xrmeantlinewidrtotintensity:DOUBLE~:DOUBLE~ 
, - VAR 
factor:DOUBLEl 
BEG IN 
factor:= l/CSORClitiewid) + SBRtx-meatl)); 
1 lorentz:=totintetisity+(linew~d/Pi)+factor; 
END; 'C of the function gauss) 
PROCEDURE totalspectCit~t:intarray;intssb:datarraylVF\R c:datvec)i 






FOR 1 3 3 0  TO numchannel DO 
channelKi3 :=0; 




FOR ~ : = 1  TO riumssb DO BEGIN 
mean:=allarrayCir lI-~Cj-U)fw); € positiot~ of the sidebaod ) 
totintensity:=ititensity*lntssbCir JI; C the intensrty in the ssb 1. 
cstart:=HOUND( Cnreari-devs-sp) r tiur~ctiaririel/~~p~ i < start of Sand ) 
cetid := ROLJND< <~~~oan+deve-sp) * nu~nchan?lel / W @  ( end of band ) 
IF (cstart (=nul~~cliat?tiel) AND c cetld) =c)) THEN DEGIN 
IF: cstert (0 TI!EN cr,tart:=cji 
1F cend) numchatinel THEN ccnd : =riu~rctia nticl ; 
FOR k:= cstart TO cend DO BEGIN 
ppm:=k/riumchanfiel*wp + r p i  
channel Ck3 : =ctiatitic. l [kl 
+f racqauss*qauss(pp~ninreatit 1 i tiewid 1 tot i~iteii~ity) 





FOR i8fO TO tiumctiantiel DO 
cCi3 :=channel Ci3 F < C is the final computed spectrum > 
END: € o f  trialspect) , 
PROCEDURE printspectrum( c:datvec)i 
i Calculates :the ras for the total spectrum; 
:Prints out the simulated spectrut~~ ready for plotting. 
c d is the difference spectrum1 i.e. conrputed - experimental) > 
VAR 
ir~rxirx2rx:INTEGERF 




FOR i:=O TO numchannel DO BEGIN 
dti3:=eCil-cCi1 F 
rms:=rms + SQR<dCiI>i 
END; 
rms:=S@RT( rms/ (numclrannel+l>> F
LJRITELN(coa1comp)i 
URITELN<coa lcoii~p r ' RMSD For The Spectrum (mm) = ' r rms:5:3) ; 
URITELN tcoa lcomp) F 
FOR i:=O TO TRUNCCCnumctiannel/lO)-1) DO BEGIN 
FOR J:= O TO Y DO BEGIN 
URITE<plotspec~cLi+iO+j3:a:1t* * ) ;  
URITE(diffspecrdCi+lO+j3:4:1i' ' > ;  
END i 
' WRITELN(p1otspec) ; 
URITELNCd if fspecj i 
END : 
URITELN(plotspecic~nurnchanr~el3 :&:l )  F 
URITELN~diffspec~dCnu1~1chantie11 :a: ) i . 
URITELN(plotspec~max:O:1); - 
WRITELN(diffspecrrr~ax:O: 1) i 




i Calculates overlap at one postioti(ppm) of the relevant centre or 





BEG 1 N 
FOR i:= 1 TO numbands DO BEGIN 
-f ClriI:=Oi 
linewid:=allarrayti~23: 
devs:= 15*linewid i 
FOR ~ : = l  TO tiuassb DO BEGIN 
IF intssbCir~1)O THEN BEGIN 
mean:=allarrayCi i 1 3 - C  [:j-d)*w) i 
bsta rt :=ifitcan-dcvs) ; 
bend := (mean+devs) F 
IF (bstart(= (wp+sp))AND Cbend)-sp) THEN BEGIN 
IF bstart (sp THEN bstart:=spi 
IF bend) Cwp+spj THEN betid:=Cwp+sp) ; 
IF (ppitt)bstart) AND Ippmibetld) THEN BEGIN 
intensity:=intssbtitjl i 
coefClii3:=coefCl~iI 
+ Z  f r ~ c g a u s s ~ ~ a u a n C p p ~ n i ~ n e a t i r  1 iriccqid r i t1tctis.i ty) ) 
+(l-f racqaussjclorcntz ~ppmrlirciln i 1 inewirl i intensity) F 
' END: 
END i 
M D  F 
E t a  i 
END : 
' END; < of .coeff icirnts > 
PROCEDURE intensitiesCtero:INTEGERiVAR int:intarrayt 
. VAR intsab:datarray) t 
< Calculates the intensity of a centre-bend from the observed intensity 









FOR lr=1 TO numbands DO BEGIN 
ppm:=allarrayCl t 11 i 
coeff icientscl tppmtcoef ,intssb)t 
. END{ 
4 Inversion of coefficient array by ewtrenal procedure 3 
4 Calculation of individual intensities from observed intensities > 
FOR 1:=1 TO numbands DO BEGIN 
inttll :=U: - 
FOR i := 1 TO numbands DO 
inttlJ:= intC11 + CinvcoefCltil*allarrayCi~53>i 
IF intC11 (0  THEN inttll:=Oi 
ENDi 
< I f  a final fit then remove any zero-intensity centreband from 
the database) 
IF zero ) 0 THEN REGIN 
notband:=Ot 
.\ FOR i:= 1 TO numbands DO BEGIN 
IF intCi1=0 THEN BEGIN 
notband:= not band+! ; 
FOR J:= i TO (nu~l~bands-notband) DO BEGIN 
FOR k:=i TO 5 DO 
alldrrdyCjtk3 :=allarrayCpnotbandtkI 3 
intCjl:=intCj*notband3i 
*. 
- .  bandtitlesCjl:= b2ndtitlesCj+notbandI Z 
FOR k:=l TO numssb DO 





Eli l ~  i 
END 
UNTIL notband=Ui 
ENDi C of intetisities > 
PROCEDURE coalfunctgroup( n~ixl2S~mixld4:INTEGERialc-int:DOUBLEt 
int:intarrayifracCH'~fracCO:DOUBLE!; 
< Calculates the ZCarbonr ZHydrogetlc %Oxygen in each band and then 
several other properties such as tPe aromaticityr aromatic oxygen 
content e.t.c. 3 a 
VAR 





.. f racC: =l-f racCHi 
FracCC:=l-fraccot 
i Add up all Intensity and convert to parcentagea 
FOR'' i := l  TO nu~t~barids DO 
tCil:=allarrayCi rll; 
total :=0; 
FOR i:=l TO nutl~bands DO 
total:= total + intCi1i 
FOR i := 1 TO numhandc DO 
p-intCi3:=iint~iJ/totdl5*100: 
WHITELt~(coa1~01ttpr' Fractioti of gaussian cotrtribution to bands : ' r 
fracgauss:2:1ji 
'WRITELN (coa lcompl i 
WRlTELNlcoa lcoiupt' Functional Group Analysis1 ): 
WRITELN(coe1coiirpJi 
WRITE(coa1comp~' ppm %C Line Width ' ) S  
WRITELN(coa1contpr ' Carbon Functional ity ' 1 i 
FOR i:= l TO numbands DO BEGIN 
WRITE<coalcot~tpr' ' rtCi1 :U: 1 r r  ' rp-intCiI:U:lr* 
WRITE<coalcomp~allarrayCir2l:3:lrbandtitlcsCi3~i 
WRITELNtcoalcomp~l 
END i > 
C The aromaticity calculation ) 
WR1TELNCcoalcoep)i 
WRITELN(coa1comp~' Aroaatic Carbon Character1 )i 
a rom: =0 l 
, FOR i:=l TO numbands DO BEGIN 
IF (tCi3)105) AND (tCiI(160) THEN 




WRITELN(coa1cowpr' 1 Aromaticityi fa : ' rfa:3:2) i 
C Calculation of aromatic oxygen content > 
Aroxygen:=O i 
FOR i:=l TO nu~nbands DO BEGIN 
IF tCiI=iUU THEN Aroxygen:=Aroxygen+~fra~CO*p~intCil~i 
. . IF CtCiI=lU82 OR <tCiI=l54) ThEN 
Rroxygen:= Aroxygen+p,int C i l  : 
END i 
Aronygen:=Aroxygen/ (aront) i 
WRITE(coalcompr'2 Fraction of Aromatic C bonded to 0 : * ) I  
URITELNCcoalcot?~prAroxygen:3:2~ t 
. WRI TELN<coalcoep) i 
C Calculate the carbonrhydrogen and oxygen ratios then 
percentage content3 
O C ~ O ~ : = O ~ H C ~ O ~ : = O ~ O C : = O ~ H C ~ -  --OiOHC:=Oiper-C:=Oiper-H:=Oiper-O:=O; 
FOR i:= 1 TO nutiibands DO BEGIN 
IF tCi3= 56 THEN OWe:=p-itltCi1 i 
IF tCi3= 143 TkEN aliarreyci *33:=l'kintCil-OMe)/p-intCi3 i 
IF ttiI= Id6 THEN BEGIN 
allarrayCi v21 :=fracCO*dllarrayCiv33 i 
allarrayCi~43 :=fracCO*a11arrayCi~dl i
END i 
IF tCil= 12.3 THEN allarrayCi r33:=fracCH*a11arrayCi~31 i 
OCtot:=OCtot + t16+p-intCi1*allarrayCit61) i 
HCtot:=HCtot + (p-int Cil+allarrayCi~33) i 
END i 
OC:=OCtat/(l2*100); . oxygen to carbon ratio 3 
HC:=HCtotf(12+lOO); € hydrogen to carbon ratio 1 
OHC:=(l2*100)+HCtot+OCtoti C total carbonr hydrogen and oxygen > . 
per-C:=( (12*1OO)/OHC)+100i percentage carbon e.t.c. > 
per-H:=<HCtot/OHC)ilOO; 
per-O:=(OCtotfO~c)+100i 
C Estimation cellulose or degraded cellulose type structures 
in the coalrif coal is of low NMR rank .> 
IF alcint ) 1.2 THEN REGIN 
WRITELN(coa1coi~~p1' A1 iphatic Carbon Character' ) l 
cell :=0i Hcel l :=Oi Ocell :=O: 
FOR i:=l TO numbands DO BEGIN 







WRITELN(coa1cot~~pr' 1 Est lttgatcd content of cc1 lulose or ' 1 8 
WRITE<coalco~npr' cel lulusc-l ihc structures it) the coal : * ) :  
WRITELN(coalcontp~cel1:3: l V'%' ) i 
END; 
€ If "bandmix" performed theti pritrt out cotitributions to mixed bands ) 
WRITELN(~oa1cooitp) i 
IF nlw128 = l 1 H E N  DEGiN 
U R I T E L ~ J ~ C O ~ ~ C O I I ~ ~ ~ ' C O ~ ~ ~ P ~ ~ U ~ ~ O ~ ~ I  to band at.,113 ppml)i 
WRITELN(coa1cotfipr': fractlonc-W = 'rfracCH:O:Zr' '9 
'fraction C-C = ' tfracC:4:3ji 
END ; 
IF mix144 = 1 THEN bEGIN 
WRITELNicoalco~~~p~'Contributionc, to batid at 144 pprY)i 
WRITELN(coa1coiitp~' : f ractioti C-0 = ' r f racCO:4:3r8 ' r 
'fraction C-C = ' tfracCC:4:S)i 
END i 
WR ITELN (coa lcoii~p) i 
WRITELNlcnal~oiiepr ' Elemental Analysis' ) i 
WRITELN<coa lcolnp) i 
WR1TELN~coaIco1npr'0/C Ratio (Xwt) : *rOC:4:3)? 
WRITELN(coalcoii~pr*H/C R ~ t i o  (%wt) : ' rHC:433) i 
WRfTELN(coalco~i~pj i 
. WRITELtJ(coalcoiltp< % Carbon 2 'rper,C:3:1)8 
WRITELt4Ccoalcompr' % Hydrogen : ' rper-H:3: l) i 
WRITELN(coa1colnpr' % Oxyget~ : ' rper,O:Z: 1) i 
WR1TELN(coalcoti1p~'Y.B. dry-ash-f reev do not account for %N or 
PROCEDURE mixspectrum<ppmrfracC1:DOUBLE~VAR int5sb:datarrayi 
isSbCirissbC2:intvec)i 




FOR i:= 1 TO numbands DO BEGIN 
IF allarrayCirlI=ppm THEN BEGIN 





END; C of mixspectrum3 
PROCEDURE bandmix(ppm:DOUBLEiVAR CracC1:DOUBLE;VAR int:intarrayi 
VAR intssb:datarray; issbClrissbC2:intvec); 
i Calculates the relative contributions-.of the two assignsents from 
the intensity in the first downfield ssb. This does not always work 
if the spectrulit is noisy or the eaialple has not beet1 spun fast enough3 
VAR 
irx:INTEGER: 
r l  r r2texpt r band:DOLIBLE; 
coefssb:coefarrayi 
BEG IN 
band:=ppm+w i i position of first downField ssb 3 
x:=ROUND< (band-sp) /Cwp/numcliatinel;~); 
expt:=eCx3 : 
€ Calculates expected intensity for the first assignment > 
coefficientsCltbandrcoefssb,intssb~; 
r1:-0; r2:=0; 
FOR i:=l TO numbands D3 . 
rl:=ri + (coeFssbC1 r lI*intCi3) i 
mixspectrum<ppmrOt it~tssbr issbC2); 
intetisitiest0, int r ititssb) ; 
€ Calculates expected intensity for.the secotid assigtiment and works 
out contribution of each C ram observed itrtcnsi ty 3 
coefficients~2rband~coefssb1 it~tssb) ;
FOR i:=l TO numbands DO 
r2:=r2 + CcoefssbC2s i3+1 trt Ci3) i 
IF <ri (expt) AND (r2)expt) THEN 
fracCl:=(-rZ - expt ) / c  r'2 - rl ); 
i Not able to calculate cootributiotis 3 
IF r2(=expt THEN FEGIN 
WRITECcoalcon~p~'Warnlng: not able to calculate contributions ' ) t .  
WRITELNCcoalcon~pr ' to band at ' r pprr:4: 1 ) i 
W R I T E ~ C O J ~ C O I I I ~ I '  ~o there 1s ton J I ~ L I C ~ I  it?tetr~lty 01) ' ) / 
WRITELN<coalco.npr'tl>e sldcbatrd at ' rbs~ld:~: 1 1 ;  
IF W (4G.0 TtiLN 
WRI TE(caa l coolpr ' Cause3 Tht  c, cna l c;atl,plc has k e n  splin et > : 
I4RITELN~conlct~tnp1' less thnt~ 2.4 kH:' ) i 
CracCi:=Ui 
END i 
IF ri)=expt THEN fracCi:=i; 
mi~spectrumlpparfracCl~intssb~is~bCl~issbC2~~ 
intensitiesClr iritr ititssb) i 
END; C of bandmix > 
€***************+**********************~*******************************> 
PROCEDURE interleave (ppm:DOUBLEiVAR intesb8datarray)i ' 
C Interleaves the data from the auxilliary database into the main database > 
BE0 IN 
FOR i:=1 TO numbands DO BEGIN 
IF Cppm ) allarrayCirl1) THEN REGIN 
IF (ppm < allarrayCi+lriI) OR (i-numbands) THEN BEGIN 
fF (ppm < allarrayCi-l.lri3) THEN BEGIN 
FOR J:= <numbands+i) DOWNTO ti+2) DO BEGIN 
FOR k:=l TO S DO 
allarrayCjrk1 :=allarrayCj-i1k3+ 
bandtitlestjl :=bandtitlestj-13 i 
FOR k:=l TO numssb DO 
intsebtj~k3 :=intssbCj-i 9k3; 
END S 
END i 
FOR j:=1 TO extrabands D O  BEGIN 
IF allextratj 1 11- ppm THEN BEGIN 
FOR k:=l TO 5 DO 
allarrayCi+lrk3 :=allextraCj rk3 ; 
bendtitlesCi+13 :=extratitlesEJ3; 







M D  i
END; < of interleave > 
PROCEDURE initialspectrumi 
i Estimates the approximate rank of the coal 
Xfirstly by the signal height ratio of phenol to the main 
aromatic barid i 
tfurtlier for lower rank coals by the ratio oC 
methoxyl " " " " 
Adds bands where considered aparopriate including secondary 
alcohol/ether bands. for lower rank coals. 











FOR i?= 1 TO numbands DO REGIN 
FOR J:= 1 TO numssb DO 
intssbCi r JI :=issbCi ,j3i 
END: L 
i Calculate the phenol ratio > 
<Separates the "High rank" cod 1s iapprox.=fiigh rank h.v. R.bi tucntrious 
coals arid above froar~) Chr. other coals. If very lixgh rank the aromatic 
linewidth 1s reduced due to narrowing of the range-of chemical ehifts) 
mixl~S:~Oifracgauss:=O.~~aIcCint:-O; 
IF phenol (= 0.4 THEN BEGIN 
W f l l  TELN t ~ o a l c o ~ ~ ~ p i  i 
WRITtLN(coalco~r~pr' E~timatc o f  Rank I HIGH ' ) f 
FOR i :=l TO numbatids DO AEGIN 
IF allarrayCkr llrl.54 THEN 
allarrayti 123 :=5.5i 
END i 
1F phenol ( 0.15 THEN BEGIN 
fracgauss:=0.55F 
FOR i:=l TO nutitbands DO BEGIN 




intensities(1 rintr intssb) F 
ain128:=1; 
bat1dmixC122rfracCHrintr it~tssbr issbCtir issbC); ' 
END 
U S E  BEGIN 
. x2:=ROUNDC (144-sp) / (wp/nu~nchanneI > ) i 
diphenol :=eCx23 /eExlI F 
x2:=ROUND( (36-sp) / (wp/nu~nchantiel) ) i 
ali:=eCx23/eCxllF 
C Separates the "Medium High Rank" coals from the others o n  t h e  basis 
o f  phenol and diphenol ratio. > 
IF (ali (2.0) AND (phenol ( 0 . 7 )  AND Cdiphenol(0.7) THEN BEGIN 
WRITELNCcoalcampr' Estimate of Rank t MEDIUM HIGH ' )i  
interleave<l44r intssbj F 
FOR i:=1 TO numbands DO BEGIN 




C Further separates the low rank coals o n  the basis of the estimated 
nethoxyl content .Changes l i newidths uhere necessary. > 
ELSE REGIN 





FOR i:=i TO. nuinbands DO 
r:=r+CcoefssbCll il*it?tCil) : 
x:=ROUNDi (177-spj / (wp/t-~uschat>nen ) ; 
- . IF Cr eCx1) THEN 
interleaveC1771 intssb) i 
x2 : =0;  
x2:eROUNDC (56-sp> /<wp/tiumchatitiel 1) O 
methoxyl:=eCx23/eCxll i 
C High methoxyl ratio = "Low Rank" s o  firstly the central position 
' of the methylene peak is found ithen more variation in aromi>atic 
oxygen assignments is 1ntroduced.C The linewidths o f  the original 
bands are narrowed as inore bands a r e  added-result of optimisation 
procedure). > 
IF methoxyl ) 0.7 THEN BEGIN 
WRITELN(coa1compt' Estimate o f  Rank : LOW * > O  
fracgauss:=O.Zi 
FOR i :=l TO nulrbands DO BEGIN 
IF allarrayci r 13=;0 THEN PEGIN 
FOR j:=26 TO 3 0  DO BEGIN 
x:=ROUNDC < j-sp)/Zwp/nuli:~cIiat>tiel> > ; 
IF allarrayCir53 ( eCxl THEN BEGIN 
allarrayCirll:=j; 
allarrayCir51 :=eCx3 ; 
END i 
END i \ 
FOR j:=l to i DO 
1 allarrayCjq23 :=S; 
END i 
END ; 
FOR i:=l TO numbands DO BEGIN 
IF allarrayCi v l I = l X  THEN HEGIN 
allarrayCir13 :=IS!>: 
x:=ROUNDl t lJO-sp) / Cwp/tiu~~tcIiat~t~el) 1 i 
allarrayCir53 :=eCxl ; 
END F 
IF (allarrayCir13) 103) 6 N D  (allarrayCir11ClA01 THEN 
allarrayCi123:=7.0; 
,IF CallarrayCirl3)ZS) AND (allarrayCinl1C50) THEN 
allarrayCirZ3 :=S.Si 
IF (allarrayClrll=lOd) OR <allarrayCiriI=lS4) TCtEN 
allarrayCir23 :=4.0i  
END ; 
interleaveClZS* intssb) i 
lnterleavcClaE~ intssb)C 
END 
< Medium low rank fitted-if needed an acidic band at 
177 ppr is introduced) 
ELSE FEGIN 
URITELN(coalcampr* Est'intate of Rank 2 MEDIUM LOW ' l i  
FOR i:=l TO numbaiids DO PEGIN 
IF ellarrayCir11 ( Z 5  THEN 
allarrayCirZ1:=4.5i 
IF (allarrayLi r13)Z5> &ND (allarrayCir13 (50) THEN 
allarrayCi r23:=6.5i - 
IF allarrayCi t lI=S6 THEN 
allarrayCi 141 :=l i 
END I 
END; 
< Calculates if a band at 74ppm is needed. If sor then this and 
other secondary alcohol/ether Ce.g.froe degraded cellulose) 
bands are added t o  the database.If this content is high (ale-int) 
then the coal probably contains intact cellulose structures and 
a band assigned to the Cl ether linkages of cellulose i is also 




FOR i :=l T O  tiumbands D O  
r:=r+coefssbCl r il*intCil t 
FOR i:=l TO extrabands DO BEGIN 
ZF allextraCirl3=74 THEN BEGIN 
ale:= allextraCir53; 
IF ale )r THEN BEGIN 
FOR j :=< i - l )  TO Ci+2) DD BEGIN 






FOR J:= l TO numbands DO 
total.:= total + intLj3; 
FOR J :=l TO nuinbatrds DO BEGZ-N 
-. -- IF allarrayCjti3=7Q THEN BEGIN 
alc-int:= (intCjI/tot~lS + 100; 
IF alc-int )=1.2 THEN BEGIN 
interleave<l05rintssb)i 









< If the 144 band is now present in the database then its two possible 
assignments are mixed. > 
IF methoxyl(0.7 THEN BEGIN 
FOR i:=l TO nulnbaiids DO BEGIN 
IF allarrayCi9 13=1Ud THEN BEGIN ' 
bandmix(l44tfracCO~itittit1tssb~issbCOri~sbCC): 
mixl44:=1: 
M D  ; \ 
END : ..- 
END i 
IF mixldll-0 THEN FracCO:=i; 
< The full database for the coal sample is set up and the total 
spectrum is tlow simulated. 1 
totalspect(it1tr ititosbrc) i 
printspect ruta(c) i 
coa1functgroup~r~~ix128r,nix144~alc-it~tt ntrfracCHrCracCO1 i 
END; € o f  initial~~ectriJii~ ) 
PROCEDURE readdatai 
i, Reads the experinrental data and searclres for the highest point it1 tlie 
base-corrected experimental spectrum. All spectra are then plotted 
to this scale. > 
VAR 
I ~ ~ ~ I N T E G E R ~  
ww r DOUBLE i 
BEDIN 
READLNCexptspecrwwc tiumchannel) i C spin rate in HZ) 




WRITELtJ(di F fspec, nu~~~cliannel) ; 
FOR i :=Q TO TRUNC< (nutnchannel/lO)-1) DO BEGIN 






max r =l  i 
FOR i:= 0 TO numchannel DO BEGIN 






END; C of readdata > 
BEGIN < main program > 
< exptspec - data input including digitised expertmental spectrum: 
plotspec - final computed spectrum; 
oiffspec - difference spectrum: 
compspec - basecorrected experimental spectrum; 
coalcocnp - calculated intensity data and functiotial group analysis.3 
title; 
readdata; Ccalls readdatabaserintialspect,di~~sp~t~um3 
CLOSE<compspec) ; 




A 3  
- - 
B ! DOFIC.COM 
! DOFIC input  is ' PI7 .DAT 
3 RUN-AGAIN: 
B INQURE ANS l' EDIT THE DATABASE FILE ? CY/N) " 
B IF F9EXTRACTlOvlrANS) .EBS. "N" THEN GOT0 NODAT-EDT 
B ASSIGN/USER-MODE SYSBCOMMAND SYSBINPUT 
B EDT CSRGCRHN.SSR3DkTAEASE.DAT 
B NODAT-EDT: 
$i IF FBLENGTHCPlj .EO. O THEN 
B INQUIRE P1 "INPUT TITLE FILE NAME (.DFIT)'~ . 
B IF FSLENGTHIPI) .Ea. O THEN GOT0 ERROR 
B WRITE SYSeOUTPUT "INPUT DATA FILE : "P17.DAT" 
$ INQUIRE ANS " EDIT " PI7 .DAT ? CY/N)"  
B IF FBEXTRACTCO~lvANG) .EQS. "N" THEN GOT0 NO-EDT 
B ASSIGN/USER-MODE SYSBCOMMAND SYSBINPUT 
B EDT 'PI' .DAT 
% NO-EDT: 
S SETP79 LA100 
B ASSIGN/USER CSRGCRHN.SSB1DATABASE.DAT DATABGSE 
B ASSIGN/USER CSRGCRHNI'Pi'.DAT EXPTSPEC 
B WRITE SYS$OUTPUT "DUTPUT DATA IS IN COALCOMP.DAT" 
.B WRITE SYS$OUTPUT " RUNNING THE SIMULATION NOW" 
B RUN tSRGCRHN.SSb1doFic 
B INQUIRE ANS "INSPECT OUTPUT FILE ? CY/N)" 
IF FBEXTRACTCO~lrANSj .EBS. "Nn_THEN GQTO PRINT 
B ASSIGN/USER-MODE SYSBCOMMAND SYSBINPUT 
B EDT CDALCOMP.DQT 
B PRINT: 
B INQUIRE ANS "PRINT OUTFUT FILE ? CY/NIm 
IF F$EXTRACTCOTIYANS> .ERS. "N" THEN GOT0 SKIP1 
B PCD CSRGCRHN1COALCtJMP.DAT 
1 
S St(IP1: 
4 INDUIFE 4NS " P L X  %SE-CORRECTED EXFT. EFECTRUW ? CY/NjM 
B IF F$EXTRACT(:O7lrANS) .EQS. "Nu THEN GOT0 SKIP2 
B ASSIGN/USER tSRGCRHN1COMPSFEC.DAT CHANNEL 
B ASSIGN/USER CSRGCRHN3PLOTSPEC.CRT CRT 
B RUN CSRGCRHN.SSb1CHANPLOT 
B PCD CSRGCRHNJ PLOTSPEC. CRT 
9, SKIP2: 
B INfiUIRE ANS "PLOT SPECTRUM ? CY/N>" 
$ IF FSEXTRACTCOvI~&NSi .EQS. "N" THEN GOT0 SKIP3 
B ASSIGNIUSER CSRGCRHN3PLOTS?EC.DQT CHANNEL 
B ASSIGN/USER CSRGCRHN1PLQTSPEC.CRT CRT 
B RUN CSRGCRHI'.I.SSBl Cl-IANPLOT 
B PCD CSRGCRHN1PLQTSPEC.CRT 
B SKIP3: 
B INBUIRE ANS "PLOT DIFFERENCE SPECTRUM S ?  CY/N) 
$ IF FBEXTRACTCOII VANS) . €OS.  "Nu THEN GOTO St(IP4 
B ASSIGN/USER CSRSCRHN1DIFFSPEC.DAT CHANNEL 
I !t ASSIGN/USER CSRGCRHN3DIFFSFEC.CRT CRT 
RUN CSRGCRHN.SSBICHANPL0T 
$ PCD CSRGCRHN1DIFFSPEC.CRT 
GOTD stwa 
$ ERROR: 
B WRITE SYS:XIUTPUT EXROR.. .NO INFUT FILE NAME S?ECIFIEfil' 
$ SKIP4: 
B INQUIRE ANS " ANOTHER SIMULATICJN ? (Y/Nja' 
$ IF F$EXTRACT(O7I~ANS> .EOS. " v "  . THEN G3TU RUN-AGAIN 
$ WRITE SYSeOUTPUT " SIMULATIUN CCMPLETE" 
& EXIT 
13.4 SAMPLE DETAILS 
Location given is  of the mine o r  d r i l l i n g  program from 
which sample o r ig ina ted .  
Analysis da ta  i n  b racke t s  refer t o  r e p r e s e n t a t i v e  v a l u e s  
f o r  o t h e r  samples from the  same l o c a l i t y .  See Reference 
l f o r  d e t a i l s .  Elemental a n a l y s i s  is daNSf. 
l DOFIC 
Location CRA code Ultimate Analysis  Analysis  








Roxburgh Harliw . 
Roxburgh Harliw . 
Roxburgh DH 2086 
Idaburn 
Hawkdun 
l SUBBITUMINOUS 1 Kopuku 
Weavers 
Kaw h ia  
Kai Point  
Wangaloa 
Braz ie r s  
I Ohinewai 
Squires Creek 





13.4 SAMPLE DETAILS (Cont ' d ) 
DOFIC 
Location CRA code Ultimate Analysis Analysis 
%C %H $0 %C %H % 0 
Huntly East 33/3 59 76.2 4 .9  18.9 72 .5  7. 0 20.5 
Terrace 30/342 (78.1 ) ( 5 . 3 )  (16 .5 )  74.5 7.2 18.3 




A 1  pine 














Stockton No. 2 




Sull ivan North 
Sull ivan North 
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SAMPLE DETAILS ( C o n t  ' d )  
Location CRA code U l t i m a t e  A n a l y s i s  
DOFIC 
A n a l y s i s  
Webb 
R o c k i e s  DH 32/778 (89.3) (5.3) (5.4 ) 87.0 6.6 6.4 
R o c k i e s  DH 34/87 5 91.0 5.3 3.7 88.9 7.3 3 8 
SEM I-ANTHRAC ITE 
Fox River 33/0 60 92. 2 4.1 3.7. 94.6 4.8 0 6 
Technica l  Note N o .  8 4 h o  
8.6 
C h a r a c t e r i s a t i o n  of N e w  Zealand 
Coals by Carbon-13 So l id -S ta te  
N.M.R.  Spectroscopy 
R.H.  Newman and S .  J. Davenport 
r. ^l 
D e c e m b e r  1 9  8 4  
Approved : 
S e c t i o n  Leader 
C h e m i s t r y  D iv i s ion  
Department o f  S c i e n t i f i c  and I n d u s t r i a l  Research 
Private B a g ,  Petone,  N e w  zealand 
l 
TIJIS TECHNICAL NOTE MUST B 3  CZTED ONLY AS w ~ ~ p ~ ~ ~ ~ S ~ ~ ~  fcESULTS" 
T h i s  note  i s  an o u t l i n e  o f  a paper presented t o  t h e  1 9 8 4  
AnnuaZ Conference o f  the  Geological  S o c i e t y  o f  New Zealand, 
heZd a t  V i c t o r i a  U n i v e r s i t y  o f  WeZZington, 10-14 November 
1984 .  
Why might geo log i s t s  n o t  have heard o f  nuc l ea r  magnetic 
resonance before?  
F i r s t l y ,  t h e r e  i s  only one NMR spect rometer  i n  N e w  Zealand 
t h a t  is capable o f  handling s o l i d  samples. This  is t h e  
Varian 200 MHz instrument  a t  chemis t ry  Divis ion  (1). - 
Secondly, advances i n  NMR ins t rumenta t ion  have been s o  
r ap id  t h a t  u se fu l  app l i ca t i ons  i n  geology have only  
r e c e n t l y  begun t o  emerge. 
Fig. 1 shows t h a t  t he  s e n s i t i v i t y  o f  commercial NMR 
spectrometers  has improved by t w o  o r d e r s  o f  magnitude over  
t h e  p a s t  t en  years .  Increased s e n s i t i v i t y  means a f a s t e r  
sample throughput and more economi.~ use o f  expensive 
equipment. Analysis by NMR could become cheaper  than 
-conventional methods i n  c e r t a i n  a r e a s  o f  s o l i d - s t a t e  chemistry.  
Fig. 2 shows t h e  b a s i s  o f  t h e  NMR technique .  A nucleus  
with a magnetic moment is placed i n  a s t r o n g  magnetic f i e l d .  
Carbon-12 does no t  have a magnetic moment, b u t  carbon-13 
is s u i t a b l e .  Carbon-13 is a stable i s o t o p e ,  d i s t r i b u t e d  
reasonably evenly throughout na tu r e  i n  about  1.1% n a t u r a l  
abundance. There are two pos s ib l e  s p i n  s t a t e s :  p a r a l l e l  
o r  a n t i p a r a l l e l  r e l a t i v e  t o  t h e  app l i ed  f i e l d .  The energy 
gap corresponds t o  quanta i n  t h e  radiofrequency region. 
A s  t h e  frequency is tuned through resonance,  t r a n s i t i o n s  
a r e  induced and energy is absorbed. The exac t  frequency 
of t h e  resonance depends on t h e  bonding p a t t e r n s  around t h e  
carbon atom, s i n c e  e l e c t r o n i c  o r b i t a l s  can p a r t i a l l y  s h i e l d  
t h e  nucleus from t h e  e f f e c t  o f  t h e  app l i ed  f i e l d ,  t hus  NMR 
can be used t o  d i s t i n g u i s h  carbon atoms i n  d i f f e r e n t  types  
o f  chemical s t r u c t u r e s  wi th in  a lump o f  coa l .  
Fig.  3 shows an example o f  a carbon-13 NMR spectrum. The 
sample came from t h e  Ohai f i e l d .  About 0.5 g was used. 
The experiment requi red  about 10 hours  o f  ins t rument  t ime. 
Computer processing w a s  . useat. t o  improve t h e  r e so lu t i on  
o f  s p e c t r a l  d e t a i l s  - otherwise ,  t h e  experiment could have 
been completed i n  a few minutes. The frequency s c a l e  a t  
t h e  bottom is expressed i n  p a r t s  p e r  m i l l i o n  dev ia t ion  
from a re fe rence  s i g n a l  a t  50.30 MHz; i .e. a range o f  2 0 0  
ppm corresponds t o  a scan from 50.30 t o  50.31 bWz.  The 
a r ea  under each peak i s  roughly proportional t o  t h e  arcount 
of carbon i n  t h e  corresponding chemical environment. 
The spectrum has  been l a b e l l e d  according  t o  p o s s i b l e  
source  ma te r i a l .  
Fig. 4 lists a v a r i e t y  o f  d i f f e r e n t  sources  o f  c o a l  
organic  matter .  Some of  t h e s e  are s o  e a s i l y  degraded 
t h a t  they  d i sappear  dur ing  t h e  e a r l y  s t a g e s  o f  d iagenes i s :  
e.g. c e l l u l o s e  is t h e  major component of  wood, b u t  it is 
only  a minor component o f  l i g n i t e  (2 ) .  
Fig. 5 shows s p e c t r a  o f  two l i g n i t e s  r e s u l t i n g  from 
d i f f e r e n t  mixtures  o f  source  materials, The s i g n a l  a t  
56 ppm is ass igned t o  methoxyl groups i n  l i g n i n - l i k e  
s t r u c t u r e s  (1) . Lignin is a s s o c i a t e d  wi th  woody material, 
s o  t h e  s t r e n v t h  o f  t h e  s i g n a l  p o i n t s  t o  a woody o r i g i n  
f o r  t h e  Ashers Waitura l i g n i t e ,  I n  c o n t r a s t ,  t h e  Roxburgh 
l i g n i t e  c o n t a i n s  a h igh  p ropor t ion  of  a l k y l  cha ins  - perhaps 
o f  microbia l  o r  a l g a l  o r i g i n ,  Pe t rograph ic  ana lyses  have 
confirmed t h i s  conclus ion  by demonst ra t ing  a l a r g e r  
e x i n i t e  con ten t  i n  t h e  c a s e  o f  t h e  Roxburgh l i g n i t e .  
Fig.  6 i l l u s t r a t e s  one o f  t h e  c o a l i f i c a t i o n  p rocesses  
which can be s t u d i e d  by NMR - i .e.  t h e . i n c r e a s e  i n  a r o m a t i c i t y  (3) 
Fig. 7 i l l u s t r a t e s  l o s s  o f  t h e  oxygen con ten t .  Th i s  can 
be es t imated  through t h e  s t r e n g t h  o f  NMR s i g n a l s  a s s igned  
t o  carbon atoms d i r e c t l y  bonded t o  oxygen (e.g. 145-155 ppm) . 
Fig. 8 i l l u s t r a t e s  c a t a g e n e s i s ,  which r e s u l t s  i n  s e p a r a t i o n  
of  crude o i l  from t h e  c o a l  depos i t ,  The e x t e n t  o f  c a t a g e n e s i s  
can be es t ima ted  from t h e  s t r e n g t h  o f  NllR s i g n a l s  a s s igned  
t o  r e s i d u a l  a l k y l  cha ins  i n  t h e  c o a l  ( a t  15-50 ppm) . 
Fig. 9 shows how NMR s p e c t r a  d i f f e r  f o r  c o a l s  over  a range  
of ranks.  The Mataura lignite c o n t a i n s  a high p r o p o r t i o n  
of  a l k y l  cha ins  ( a t  30 ppm) and s i g n a l s  a t  148 and 152 ppm 
i n d i c a t e  a high degree  of oxygen-subs t i tu t ion  on a romat ic  
r i n g s  - a s  expected f o r  l i g n i n - l i k e  s t r u c t u r e s  from woody 
mate r i a l .  By comparison, t h e  semi-anthrac i te  c o n t a i n s  a 
high propor t ion  o f  a romat ic  r i n g s ,  w i t h  l i t t l e  evidence f o r  
oxygen s u b s t i t u t i o n  (i.e. a weak s i g n a l  a t  150 pprn). 
Fig. 10 shows q u a n t i t a t i v e  d a t a  f o r  a c o l l e c t i o n  o f  N Z  c o a l s .  
"Aromaticity" i s  d e f i n e d  a s  t h e  a r e a  o f  s i g n a l s  a s s igned  t o  
carbon i n  a romat ic  r i n g s ,  expressed  a s  a f r a c t i o n  of t h e  
t o t a l  NMR s p e c t r a l  area. Aromat ic i ty  t e n d s  t o  i n c r e a s e  
wi th  rank ( a s  d e f i n e d  by t h e  ASTM c l a s s i f i c a t i o n  scheme ( 4 ) ,  
-. 
b u t  t h i s  NMR parameter  i s  obviously u n r e l i a b l e  a s  a rank 
i n d i c a t o r ,  This  confirms NMR s t u d i e s  c a r r i e d  ou t  o v e r s e a s  
on coa l s  from USA ( 5 )  , Canada ( 6 )  , A u s t r a l i a  (7), Indones ia  
- (8 )  , and China ( 9 )  . v a r i a t i o n s  i n  a r o m a t i c i t y  va lues  
probably r e f l e c t - v a r i a t i o n s  i n  source  m a t e r i a l  r a t h e r  t h a n  
rank, i n  t h e  lower r anks  a t  l e a s t .  
Fig. 11 shows a new approach which w e  have assessed  f o r  
ranking c o a l s  by NMR. The s i g n a l - h e i g h t  r a t i o  p l o t t e d  
along t h e  h o r i z o n t a l  a x i s  is  a measure o f  t h e  average l e n g t h  
of  a l k y l  cha ins ,  and can t h e r e f o r e  be used t o  e s t i m a t e  t h e  
e x t e n t  o f  ca tagenes i s .  The s i g n a l  h e i g h t  r a t i o  p l o t t e d  
along t h e  v e r t i c a l  a x i s  i s  a measure o f  oxygen-subs t i tu t ion  
of  aromatic  r i n g s ,  and can t h e r e f o r e  be used t o  e s t i m a t e  t h e  
e x t e n t  o f  oxygen l o s s .  The symbols r e p r e s e n t  l i g n i t e  
(circles) , subbituminous c o a l  ( squares )  h i g h - v o l a t i l e  
bituminous c o a l s  ( t r i a n g l e s )  and h i g h e r  r anks  (diamonds) . 
The d a t a  p o i n t s  f a l l  i n t o  a wedge, showing a wide s p r e a d  
f o r  lower ranks.  T h i s  s p r e a d  i s  a t t r i b u t e d  t o  d i f f e r e n c e s  
i n  source  ma te r i a l .  Such d i f f e r e n c e s  s e e m  t o  become less 
important  as t h e  less s t a b l e  chemical s t r u c t u r e s  a r e  des t royed.  
Fig. 12 shows how s o u r c e  materials can a f f e c t  t h e  sp read  o f  
d a t a  po in t s .  Pe t rograph ic  d a t a  w e r e  t aken  from P r o f e s s o r  
Black ' S 1 9  80 Reconnaissance Survey o f  NZ Coals. S o l i d  
squares  r e p r e s e n t  coals wi th  e x i n i t e / v i t r i n i t e  r a t i o s  
(mmf b a s i s ) >  0.25, whi l e  half-shaded squares  r e p r e s e n t  c o a l s  
wi th  r a t i o s  s 0.15. The p e t r o g r a p h i c  d a t a  r e f e r  t o  samples 
from t h e  same a r e a s ,  r a t h e r  t h a n  t h e  i d e n t i c a l '  samples used 
f o r  NMR, s o  a p e r f e c t  c o r r e l a t i o n  cannot  be expected;  
b u t  i n  g e n e r a l ,  t h e  h igh  e x i n i t e  c o a l s  appear  on t h e  r i g h t -  
hand s i d e  of  t h e  wedge. The e x i n i t e  macerals  i n c l u d e  
l i p i d s  and waxes, wi th  r e l a t i v e l y  long a l k y l  cha ins ,  s o  
t h e  NMR d a t a  are c o n s i s t e n t  wi th  p e t r o g r a p h i c  analyses .  
W e  have def ined  a parameter  c a l l e d  "NMR rank" which is 
( i n  e f f e c t )  t h e  d i s t a n c e  from t h e  lowest  c o r n e r  of  t h e  
wedge, measured on a p l o t  such  a s - t h i s .  The "NMR rank" is 
t h e r e f o r e  a neasure  o f  t h e  combined e f f e c t s  o f  c a t a g e n e s i s  
and oxygen l o s s  on c o a l  chemical s t r u c t u r e s .  
Fig. 13  shows a p l o t  of t h e  "NMR rank" a g a i n s t  t h e  ASTM 
rank. The two r ank ing  s c a l e s  a r e  c o r r e l a t e d ,  b u t  "NMR 
rank" is  p a r t i c u l a r l y  s e n s i t i v e  t o  c o a l i f i c a t i o n  through t h e  
h i g h - v o l a t i l e  A bituminous rank. Th i s  appears  t o  be  a 
p a r t i c u l a r l y  a c t i v e  s t a g e  o f  chemical  a l t e r a t i o n ,  as f a r  
as New Zealand c o a l s  a r e  concerned. "NMR rank" may be 
u s e f u l  i n  subd iv id ing  t h e  h i g h - v o l a t i l e  A bituminous 
category.  The p l o t  shows t h a t  5 o f  t h e s e  c o a l s  resembled 
h igh-vo la t i l e  B bituminous coals, whi l e  10 resembled medium- 
v o l a t i l e  bituminous c o a l s .  We have n o t  y e t  i d e n t i f i e d  any 
NZ mine supply ing  c o a l  wi th  i n t e r m e d i a t e  p r o p e r t i e s .  
Fig. 1 4  shows . spec t ra  o f  4 bituminous c o a l s ,  demonstrat ing 
t h e  major chemical changes t h a t  o c c u r  a t  t h i s  s t a g e  o f  
c o a l i f i c a t i o n .  The o b s e r v a t i o n s  a r e  n o t  s u r p r i s i n g  s ince :  
(a) Coals  of  ranks h i g h - v o l a t i l e  C t o  medium-volatile 
bituminous a r e  commonly a s s o c i a t e d  wi th  zones o f  o i l  
genera t ion ,  i ,e . a c t i v e  c a t a g e n e s i s  (G; . 
- 
(b) Teichmuller  in t roduced t h e  concept  o f  a " f i r s t  
c o a l i f i c a t i o n  jump" t o  e x p l a i n  sudden changes i n  o t h e r  
parameters as c o a l  matures through t h e  h i g h - v o l a t i l e  A 
bituminous mark (11) . 
- 
F i n a l l y ,  why shou ld  we  use NMR parameters  as rank i n d i c a t o r s ,  
when s o  many o t h e r  methods o f  a n a l y s i s  are a v a i l a b l e ?  
F i r s t l y ,  NMR a n a l y s i s  r e q u i r e s  s m a l l  samples (less than  
l g )  s o  t h a t  it can be used f o r  ranking  s m a l l  fragments o f  
o rgan ic  matter found i n  sedimentary rocks.  
Secondly, minera l  c o n t e n t s  up t o  80% o r  90% can be t o l e r a t e d ,  
although sample throughput  drops d r a m a t i c a l l y  - be ing  
p r o p o r t i o n a l  t o  t h e  square  o f  t h e  o r g a n i c  con ten t .  
Thi rd ly ,  t h e  NMI% ranking  procedure does n o t  r e q u i r e  ?.the 
g e o l o g i s t  t o  l o c a t e  a fragment o f  one p a r t i c u l a r  c o a l  
maceral. The r e s u l t s  p resen ted  today s u g g e s t  t h a t  t h e  
e f f e c t s  o f  d i f f e r i n g  source  m a t e r i a l  and o f  c o a l i f i c a t i o n  
can be s e p a r a t e d  by t a k i n g  s u i t a b l e  combinations o f  s i g n a l  
he igh t s .  
Carbon-13 NMR cou ld  t h e r e f o r e  be u s e f u l  i n  s t u d i e s  o f  t h e  
geology o f  sedimentary rocks ,  even i f  t h e s e  do n o t  con ta in  
commercial c o a l  d e p o s i t s .  
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INTRODUCTION 
Magic-angle sp inning  (PclAS) improves r e s o l u t i o n  i n  carbon-13 
nuc lea r  magnetic resonance s p e c t r a  of s o l i d s ,  b u t  l e a v e s  
"spinning sideband" s i g n a l s .  These r e s u l t  from t h e  o r i e n t a t i o n a l  
dependence of  chemical s h i f t s ;  e.g. i n  t h e  c a s e  o f  benzene, 
t h e  carbon-13 n u c l e i  a r e  more s h i e l d e d  when t h e  magnet ic  f i e l d  
is o r i e n t e d  normal t o  t h e  r i n g  than  when t h e  magnetic f i e l d  
is o r i e n t e d  p a r a l l e l  t o  t h e  p l a n e  of  t h e  r i n g .  Spinning  t h e  
sample modulates t h e  resonance frequency around.an  averaqed 
va lue ,  genera t ing  s ideband f requenc ies  a t  i n t e r v a l s  o f  t h e  MAS 
frequency. 
Running s p e c t r a  a t  a h i g h e r  magnetic f i e l d  improves t h e  
chemical -sh i f t  d i spe r s ion ,  b u t  t h e  MAS frequency must be 
increased  i n  p ropor t ion  t o  t h e  f i e l d  s t r e n g t h  i f  s ideband 
s i g n a l s  a r e  t o  be k e p t  suppressed.  This  i n t r o d u c e s  t e c h n i c a l  
d i f f i c u l t i e s ,  A d i f f e r e n t  approach has been taken by t h e  NMR 
group a t  Chemistry Divis ion.  A s tandard  f4AS f requency of  2.5 
kHz has been chosen f o r  a l l  r o u t i n e  carbon-13 NMR s p e c t r a  run  
a t  50.3 MHz on a Varian XL-200 spectrometer .  A r eason  f o r  t h e  
choice  of t h i s  p r e c i s e  MAS frequency is expla ined  i n  t h e  
Discussion s e c t i o n  o f  t h i s  note .  It i s  c l o s e  t o  t h e  o p e r a t i o n a l  
l i m i t s  of t h e  spectrometer ,  b u t  it i s  s t i l l  t o o  low t o  suppress  
sideband s i g n a l s .  Cor rec t ion  f a c t o r s  a r e  t h e r e f o r e  a p p l i e d  t o  
any measurements of s i g n a l  a r e a s ,  The magnituaes o f  t h e  
c o r r e c t i o n s  a r e  based on l i t e r a t u r e  r e p o r t s  of  p r i n c i p a l  v a l u e s  
f o r  chemical -sh i f t  t e n s o r s  (1-25) - -  and a g r a p h i c a l  method f o r  
c a l c u l a t i n g  MAS sideband i n t e n s i t i e s  from t h e  p r i n c i p a l  v a l u e s  
(26-1 
1 
This  no te  summarises t h e  d e r i v a t i o n  of  t h e  set of  c o r r e c t i o n  
f a c t o r s  c u r r e n t l y  i n  use. I t  i s  in tended f o r  d i s t r i b u t i o n  t o  
u s e r s  of Chemistry D i v i s i o n ' s  s o l i d - s t a t e  NllR service. The 
au thors  hope it w i l l  p rovide  some a s s i s t a n c e  i n  any e s t i m a t i o n  
of t h e  r e l a t i v e  p ropor t ions  of  v a r i o u s  f u n c t i o n a l  groups,  
based on s igna l -a rea  measurements. 
Th i s  n o t e  can be  c i t e d  a s  "unpublished work", o r  it cou ld  be 
. used a s  a guide t o  source  l i t e r a t u r e  on r e l e v a n t  model 
compounds. The scope of  t h i s  n o t e  has  been confined t o  a 
s e l e c t i o n  of  t h e  o rgan ic  f u n c t i o n a l  groups most l i k e l y  t o  be  
encountered i n  s o l i d  o r g a n i c  m a t t e r ,  e.g. i n  wood, s o i l  o r  
coa l .  A r e c e n t  review (25) of  carbon-13 chemica l - sh i f t  
t e n s o r s  inc ludes  d a t a  f o F a  number of  f u n c t i o n a l  groups  
excluded from t h i s  note. 
The r e s u l t s  summarised h e r e  should n o t  be used f o r  i n t e r p r e t -  
a t i o n  of s p e c t r a  run on o t h e r  ins t ruments ,  u n l e s s  t h e  r a t i o  
(NMR frequency) / (MAS frequency) i s  c l o s e  t o  20000. 
RESULTS 
The c a l c u l a t e d  i n t e n s i t y  d i s t r i b u t i o n s  a r e  shown i n  T a b l e s  
1-3. Sideband i n t e n s i t i e s  a r e  l a b e l l e d  I ( n )  , where t h e  c e n t r e -  
band corresponds t o  n=O and p o s i t i v e  va lues  o f  n a r e  used f o r  
sidebands on t h e  high-frequency ( low-f ie ld)  s i d e  o f  t h e  
centreband. A l l  i n t e n s i t i e s  w e r e  normalised t o  a t o t a l  o f  
100%; b u t  high-order s idebands  have been omi t t ed  from Tables  
1-3, s o  t o t a l s  a c r o s s  most rows add up t o  less t h a n  100%. 
I n  some cases ,  s o l i d - s t a t e  s p e c t r a  show d i s t i n c t  s i ~ n a l s  f o r  
carbon atoms t h a t  would be  reaarded a s  e a u i v a l e n t  i n  s o l u t i o n  
NMR. E.g. t h e  -OH groups of qu ino l  are c o n s t r a i n e d  s o  t h a t  
t h e  H atom i s  c l o s e r  t o  one o r  o t h e r  of t h e  a d j a c e n t  r i n q  
carbons ( 5 ) .  I n  such c a s e s ,  spinning-sideband p a t t e r n s  were 
c a l c u l a t e 3  f o r  each carbon atom and were cons ide red  a s  
independent sets of  d a t a  when t h e  r e s u l t s  w e r e  averaged. 
I n  some cases ,  c r y s t a l  packing r e s u l t s  i n  smal l  chemical  s h i f t  
d i f f e r e n c e s  between molecules  i n  d i s t i n c t  c r y s t a l  sites. I n  
t h e s e  cases ,  spinning-sideband p a t t e r n s  were c a l c u l a t e d  f o r  
each site, bu t  s e t s  of  r e s u l t s  f o r  corresponding carbon atoms 
i n  each molecule w e r e  averaged be fo re  t h e  r e s u l t s  w e r e  combined 
wi th  those  f o r  o t h e r  molecular  s t r u c t u r e s ;  o therwise ,  t h e  
f i n a l  r e s u l t s  would have been b iased  towards c r y s t a l  s t r u c t u r e s  
s t u d i e d  by h igh- f i e ld  NMR. E.g. carbon-13 CP/MAS NMR of  ?in01 
at 75.5 MHz has  r e s u l t e d  i n  r e s o l u t i o n  of  s i g n a l s  from 3 
d i s t i n c t  molecules p e r  u n i t - c e l l  (5 ) ;  b u t  most s t u d i e s  
descr ibed  i n  References 1-25 were Eased on low-f ie ld  NMH, and 
- -  it i s  u n l i k e l y  t h a t  such d e t a i l  could have been resolved .  
. . 
Aromatic carbon 
Sources of a l l  d a t a  f o r  s u b s t i t u t e d  benzenes are shown i n  
Table 4. The "Compound Number" r e f e r s  t_o F i g -  1. The f i n a l  
3 columns of Table 4 show t h a t  spinning-sideband i n t e n s i t i e s  
were c a l c u l a t e d  f o r  6 0 - s u b s t i t u t e d  carbon atoms, 11 
C-subs t i tu ted  carbon atoms, and 2 4  C-H groups. Spinning- 
sideband i n t e n s i t i e s  were also c a r c u l a t e d  f o r  r i n ~ - j u n c t i o n  
s i t e s  i n  4 po lycyc l i c  a romat ic  s t r u c t u r e s  (Compounds 16-19 
of Fig. 1). Chemical-shif t  d a t a  f o r  t h e s e  were a l l  t aken  from 
Ref. - 1. 
Data f o r  penta- and hexa-subs t i tu ted  benzenes w e r e  excluded 
from t h e s e  c a l c u l a t i o n s ,  because such s te r ica l ly-crowded 
s t r u c t u r e s  a r e  u n l i k e l y  t o  be o f  i n t e r e s t  i n  t h e  i n t e r p r e t a t i o n  
of NMR s p e c t r a  of n a t u r a l  subs tances .  Toluene w a s  a l s o  
excluded, because t h e  r e s u l t s  ( 1 4 )  - d i d  n o t  d i s t i n g u i s h  between 
non-equivalent CH groups,  
Data s e t s  f o r  C-subs t i tu ted  aromat ic  carbon inc luded  5 f o r  
s u b s t i t u t i o n  by sp2-hybridised carbon, and 6 f o r  s u b s t i t u t i o n  
by S$-hybridised carbon. When t h e s e  were s e p a r a t e d ,  any 
d i f f e r e n c e s  i n  t h e  i n t e n s i t y  p a t t e r n s  were s m a l l e r  t h a n  t h e  
s tandard  dev ia t ions .  
Data sets f o r  C-H groups inc luded  9 f o r  sites w i t h  
0 - s u b s t i t u t i o n  a t  t h e  a d j a c e n t  r i n g  site. When t h e s e  were 
- separa ted  from t h e  o t h e r  15  d a t a  sets, t h e y  showed a 
s i g n i f i c a n t  d i f f e r e n c e  i n  centreband i n t e n s i t i e s ;  i .e.  t h e  
2 mean va lues  d i f f e r e d  by more t h a n  t h e  sum of  t h e  s t a n d a r d  
dev ia t ions .  The proximity o f  0 - s u b s t i t u t i o n  r e s u l t e d  i n  more 
s i g n a l  i n t e n s i t y  be inc  concen t ra ted  i n  t h e  cent reband 
(Table 1). 
A s i m i l a r  e f f e c t  was observed f o r  0 - s u b s t i t u t e d  carbon. I n  
t h i s  case ,  t h e  chemical s h i f t s  a v a i l a b l e  f o r  0 - s u b s t i t u t i o n  
a t  2 a d j a c e n t  s i t e s  w e r e  l i m i t e d  t o  d a t a  sets f o r  2 carbon 
atoms i n  Compound 1 2 ( 3 ) .  Experimental  cent reband i n t e n s i t i e s  
have been publ ished (27) f o r  4 more s t r u c t u r e s ,  Compounds 
23-26 of Fig. 1. ~ h e z  r e s u l t s  are summarised i n  Table  5, 
along wi th  r e s u l t s  c a l c u l a t e d  f o r  Compound 12. The mean of  
8 v a l u e s  of I ( 0 )  i s  63%, w i t h  a s t andard  d e v i a t i o n  o f  3%. 
I t  i s  c o n s i s t e n t  with t h e  e n t r y  i n . T a b l e  1. The a d d i t i o n a l  
evidence t h e r e f o r e  confirms t h e  e f f e c t  o f  0 - s u b s t i t u t i o n  a t  
an  a d j a c e n t  r i n g  site. 
Carboxylic  groups 
Table 2 summarises spinning-sideband i n t e n s i t i e s  c a l c u l a t e d  
f o r  d a t a  from t h e  sources  l i s t e d  i n  Table 6. Mean v a l u e s  
w e r e  c a l c u l a t e d  f o r  4 amino a c i d s  (Compounds 32-35), 6 o t h e r  
compounds wi th  f r e e  a c i d  groups (Compounds 27-31 p l u s  p a r t  
o f  Compound 3 9 ) ,  and 2 c a r b o x y l a t e  an ions  (Compounds 38 
and 39) . The va lues  of  I ( 0 )  v a r i e d  over  a range  61-731, 
which i s  n o t  much wider t h a n  t h e  s t andard  d e v i a t i o n s . l l s t e d  
i n  Table 2. A l l  1 4  sets of  r e s u l t s  w e r e  t h e r e f o r e  averaoed, 
as shown a t  t h e  bottom o f  Tab le  2. 
R e f .  (25) provides chemical s h i f t s  fo; s e v e r a l  more compouzids 
c o n t a i z n g  ca rboxy l i c  f u n c t i o n a l  groups. D a t a  f o r  o x a l i c -  
a c i d  d e r i v a t i v e s  were n o t  inc luded i n  Table 2, because t h e s e  
compounds c o n t r i b u t e  NMR s i g n a l s  o u t s i d e  t h e  range  normally 
a s s o c i a t e d  with o t h e r  c a r b o x y l i c  f u n c t i o n a l  groups. Data f o r  
s e v e r a l  o t h e r  s t r u c t u r e s  w e r e  excluded, because t h e  r e p o r t s  
do n o t  d i s t i n g u i s h  between p ro tona ted  -. a c i d  groups and i o n i s e d  
groups when both a r e  p r e s e n t *  
Miscellaneous f u n c t i o n a l  groups 
Table 3 summarises d a t a  based on chemical s h i f t s  ga the red  from 
t h e  sources  l i s t e d  i n  Table 7. A l l  of t h e s e  f u n c t i o n a l  groups 
c o n t a i n  carbon atoms w i t h  4 bonds ar ranged i n  approximately 
t e t r a h e d r a l  geometry.  his symmetry r e s u l t s  i n  low chemical- 
. s h i f t  an i so t rop ies ,  and t h e r e f o r e  weak sp inn ing  sidebands.  
DISCUSSION 
Experimental  u n c e r t a i n t i e s  
Carbon-13 NYR chemical s h i f t s  f o r  s o l i d  p-xylene (Compound 2 1 )  
have been publ ished i n  two d i f f e r e n t  r e p o r t s  (1, - - 2 3 ) .  Th i s  
p rov iaes  an unusual oppor tun i ty  t o  a s s e s s  t h e  r e p r o d u c i b i l i t y  
of  such measurements. Ref. (L) r e p o r t s  a d i f f e r e n c e  of  1 9 9  
ppm between extreme p r i n c i p a l  v a l u e s  of  t h e  chemica l - sh i f t  
t e n s o r  f o r  methyl -subs t i tu ted  r i n q  sites. Ref. (23) r e p o r t s  
a d i f f e r e n c e  of 227 ppm. c a l c u l a t i o n s  based on tE two 
r e f e r e n c e s  l e a d  t o  I (O)=43% and 35%, r e s p e c t i v e l y .  
Th i s  i s  probably an extreme example of  u n r e l i a b l e  r e s u l t s .  The 
s t andard  d e v i a t i o n s  shown i n  Tables  1-3 a r e  t o o  s m a l l  f o r  such 
experimental  u n c e r t a i n t i e s  t o  be common. Ref. (23) appears  
t o  be based on a more thorough s tudy  of p - x y l e n e T s o  we have 
followed the example of Veeman (25) - in selecting data from 
Ref. (23) . 
Applications 
Carbon-13 NMR spectra of solids sometimes show clearly-resolved 
centreband signals at a chemical shift that is characteristic 
of a specific type of functional group- In such cases, it is 
possible to determine the total signal area associated with 
this type of functional group by measuring the area of the 
centreband signal and multiplying by a correction factor 
100/1(0) to allow for sideband signals. Hemmingson and Newman 
(27) used this approach to estimate the lignin content of 
wGd. In this case a signal at 6-150 was assigned to 
0-substituted aromatic carbon, in sites with 0-substitution 
at just one adjacent site. The mean value of I(0) for model 
compounds (Table 5) is 63%, so the correction factor is 
100/63=1.6. Two of the 10 carbon atoms in a typical softwood 
lignin monomer unit contribute to this NMR signal; so the 
carbon in lignin, expressed as a fraction of total carbon in 
the wood, can be estimated by measuring the area of the signal 
at 6-150 and multiplying it by 1-6(10/2)=8. Further adjustments 
are necessary to convert the result from a carbon-only basis 
to a weight basis. 
I 
In general, the interpretation of carbon-13 NMR spectra of solids 
i can be assisted by dividing the spectra into four regions, each approximately 50 ppm wide. 
(i) Alipfiatic and alicyclic structures lacking 0-substitution 
contribute signals that are usual2y confined to the region 
6=10-60. Such structures can include lipids, resin acids, 
or sidechains on proteins, 
(ii) Carbohydrates and related structures, e.g. C3 chains 
in lignin, contribute NMR signals that are usually confined 
to the region 6=60-110. 
-. 
(iii) Aromatic rings, e.g. in lignin or tannin, contribute 
signals that are usually confined to the region 6=110-160. 
(iv) Carbonyl groups in carboxylic acids, salts and esters, 
in amides and in ketones contribute signals which are usually 
~ 
confined to the region 6=160-210. 
The regular 50 ppm spacing of those boundaries is fortunate, 
because it makes it possible to select a MAS frequency which 
places the spinning sidebands from each region precisely 
inside the adjacent regions, with no overlap across boundaries. 
The appropriate MAS frequency is 2-5 kHz for NMR at 50 MHz, 
. since this corresponds to an interval of 50 ppm between 
sidebands. 
An example 
To illustrate this approach, suppose that the carbon-13 NMR 
spectrum of a solid humic acid is divided into four regions, 
as above. Suppose that the signal area in each region is 
expressed as a percentage of the total area, and assigned a 
symbol as follows: 
Symbol Chemical shift range 
Suppose that the true fraction of carbon associated with each 
region is assigned a lower-case symbol, a-£, with a=O and f=O 
because no centreband signals are expected to appear outside the 
range 210 > 6 > 10. Tables 1-3 can be used to express the values 
of A-F in terms of the values of b-e, as follows: 
Suppose that the final row of Table 2 is taken as representative 
for functional groups associated with b. The n=+l and n=+2 
sidebands would then contribute an area component of 17b to the 
observed area A. The centreband would contribute an area 
component of 67b to B, the n=-l sideband would contribute an area 
component of 15b to area C, and the n=-2 sideband would contribute 
an area component of 2b to area D. 
Suppose that relative signal strengths at about 6=150 and &=l30 
are consistent with 0-substitution at an average of about 2 sites 
per ring, and suppose that the first row of Table 1 is taken as 
representative of spinning sideband intensities for these sites. 
Rows labelled "H" and "C" show almost identical intensity 
distributions for unsubstituted or C-substituted ring sites; 
suppose mean values of entries in these two rows are used for all 
aromatic carbon other than 0-substituted ring sites. These 
approximations lead to a generalised pattern of intensities for 
aromatic carbon, calculated by adding together one third of each 
entry for rows labelled "OH, "H" and "C" in table 1: 
Sideband n = +2 +l 0 -1 -2 
Intensity ( % )  = 4 23 49 17 6 
The area components are then 4c in A, 23c in B, 49c in C, 17c in 
D and 6c in E. 
Suppose that the final row of Table 3 is used for carbohydrate- 
like structures. The area components are then 4d in C., 91d in D 
and 4d in E. 
Suppose that the row labelled -CH2- in Table 3 is used for the 
chemical structures associated with the region 60 > 6 > 10. The 
area components are then 2e in D, 96e in E and 2e in F. 
\ 
Adding together the area components results in six 
simultaneous equations: 
Regions A and F contain no centrebands, but are likely to include 
a significant area component from overlap of the broad wings of 
signals in the neighbouring areas. It therefore seems wise to 
combine the first two and last two of the above equations, 
leaving only four: 
These equations can now be solved for values of b-e. 
Fig. 1 shows a spectrum of humic acid from Pomare soil, divided 
into area regions A-F. In this case, the relative areas are 
A = 7, B = 13, C = 15, D = 18, E = 38 and F = 9. The solutions 
are b = 0.16, c = 0.24, d = 0.14 and e = 0.45, i.e. the distribution 
of carbon is: 
Carbon in carbonyl groups, e.g. acids and amides: 16% 
Carbon in aromatic rings: - 25% 
Carbon in carbohydrate-like structures: 14 % 
Carbon in polymethylene, methyl and methoxyl groups:45% 
These results are basea on somewhat arbitrary assumptions, but 
.the procedure could be useful for comparisons within a series of 
samples, Particular weak points are: 
(i) arbitrary divisions between areas associated with overlapping 
peaks. 
(ii) Spinning sideband intensities based on a small collection 
of available examples. 
Further development could include simulation of spectra based on 
trial combinations of broadened Gaussian component peaks. The 
simulations would include spinning sideband signals with 
intensities based on the data shown in Tables 1-3. Such an 
approach has been used for interpretation of carbon-13 NMR 




Patterns of spinning-sideband intensities appear to be 
determined almost entirely by the arrangement of atoms directly 
bonded to the carbon-13 nucleus, Any more distant structural 
changes are generally so small that they are of similar magnitude 
to experimental uncertainties. An exception is the effect of 
0-substitution at an adjacent ring site in a benzene ring.  his 
effect is transmitted through two bonds. 
The localisation of contributing effects makes it easy to predict 
patterns of spinning-sideband intensities for a given type of 
functional group in poorly-characterised organic structure. These 
generalised predictions can be used to set up simultaneous 
equations which express relationships between the distribution of 
carbon in various functional groups and the distribution of 
signal intensity in various chemical-shift ranges across the NMR 
spectrum. 
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Substituent I (+2 I (+l) I(0) I(-1) I (-2) 
ring 
junctions 
TABLE l. Averaged spinning-sideband intensity 
distributions for aromatic carbon. 




(a 1 With 0-substitution at an adjacent site. 
(b) No 0-substitution at either adjacent site. 
(C ) sp2-hybridised carbon. 







TABLE 2, Averaged spinning-sideband 
intensity distributions for 
carboxylic acids, esters and 
ammonium salts. Numbers in 
'brackets are standard deviations. 
Functional 
group 
1 T m L E  3. Averaged spinning-sideband intensity 
distributions for miscellaneous 
functional groups. Numbers in brackets 
are standard deviations. 
Footnotes: 
(a on aromatic rings, 





S u b s t i t u e n t  types  
TABLE 4. Sources of  d a t a  f o r  s u b s t i t u t e d  benzene 
s t r u c t u r e s .  The l a s t  3 c o l m n s  show 
t h e  number o f  chemical s h i f t  t e n s o r s  
f o r  which p r i n c i p a l  v a l u e s  have been 
publ i shed ,  c a t e g o r i s e d  according  t o  
t h e  s u b s t i t u e n t .  
Compound 





TABLE 5. Centreband i n t e n s i t i e s  f o r  0 - s u b s t i t u t e d  
carbon i n  s t r u c t u r e s  w i t h  0 - s u b s t i t u t i o n  
a t  an a d j a c e n t  r i n g  site. 
Compound Reference Func t iona l  Name 
number number group 
acetic a c i d  
malonic a c i d  
dihydromuconic acid 
benzoic a c i d  
p y r o m e l l i t i c  acid 
g l y c i n e  
a l a n i n e  
t h r e o n i n e  . 




m o n i u m ' h y d r o g e n  malonate 
TABLE 6. Sources o f  data f o r  c a r b o x y l i c  






I t  II 
-CH3 (non-aromatic) 
I t  l1 
TABLE 7. Sources of data for miscellaneous 
functional groups. Compound 40= 
n-eicosane, Compound 41=polyethylene, 
















25 0 OMe 
FIGURE 2 carbon-73 CP/MAS NMR spectrum 
-of humic acid from Pomare soil : 1 ms contact time, 
15 ms data acquisition, 100 ms pulse delay, 2x10L 
transients accumulated . 
